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A Study of Hypermixer and Aeroramp Fuel Injectors for Dual-Mode Scramjet 
 
Noritsugu Kubo 
 
 
Abstract 
 
This thesis described research efforts on the development of a new aeroramp injector applied to a dual 
mode scramjet engine. The new aeroramp injector was proposed as replacing the cantilever ramp injector and the 
hypermixer injector, as such mixing enhancing injectors had a problem that the wedge shape of these injectors 
could not be maintained in a high enthalpy flow due to occurrence of hot spots. 
In Chapter 1, the background and motivations of the present research, the past researches related to the 
present topics, and the problem and the objective of this work are shown. 
In Chapter 2, experiments were performed to assess the performance of the proposed aeroramp injector 
in comparison to those of the hypermixer injector. Combustion experiments and mixing experiments in 
non-reactive flow were conducted. In the combustion experiments, wall pressure distributions and direct 
photographs of flame were obtained. In the mixing experiments, visualization of flow field by schlieren method 
was carried out. Also, gas sampling and aerodynamic probing were conducted to obtain mixing efficiencies, 
pressure loss parameters, and fuel profiles within the duct cross-section. From the results of experiments, the 
new aeroramp injector could not only avoid the loss of mixing performance resulting from collapse of the 
injector shape by forming a hot spot, but also could obtain better fuel/air mixing and combustion performances 
than the hypermixer injector in the wider total equivalence ratio without the additional total pressure losses. 
In Chapter 3, the design parameters on the aeroramp injector proposed in the present study, were 
optimized in term of the combustor performances. Especially, the effects of the orifice design and ramp height 
on the combustor performance were focused on. Additionally, comparison between conventional injectors and 
the aeroramp injectors was done to assess the performance of the proposed aeroramp design. In this chapter, 
combustion experiments were carried out using injectors with seven different geometries. Wall pressure 
distributions in the combustor with each injector were obtained. The thrust coefficient increment was calculated, 
and by the one-dimensional analysis together, Isp was evaluated considering thrust generated by imaginary 
nozzle installed downstream of the combustor to access the effects of total pressure loss on the thrust production. 
In the comparison between the conventional injectors and the aeroramp injectors, the conventional perpendicular 
injector, the conventional swept-back injector, and the new aeroramp injector were used. Taking the contribution 
of the fuel jet momentum into account, the new aeroramp injector showed best performance. Evaluating the 
effects of the injection design on the nozzle thrust, the new aeroramp injector also showed best thrust production 
through the equivalence ratio range in the present study. Total pressure loss due to the installation of the ramp 
and associated shock wave generation was cancelled out by thrust production on the expansion ramp and higher 
combustion efficiency due to this injector configuration. In the optimization of the ramp height, the performance 
of injectors with three different ramp heights with the same orifice shape was compared. The results of the thrust 
increment by the combustor section showed that the small ramp could not have sizable effects on the thrust 
performance and large ramp resulted in a larger thrust increment during the combustion mode transition because 
pressure unbalance on the compression and expansion ramp surfaces acted favorable for thrust production. 
However, the installation of the large ramp had sizable effects on the thrust production of engines through the 
associated total pressure loss. During subsonic combustion mode, on the other hand, nozzle thrust with larger 
ramp was close to those in the cases with small and/or no ramps. With penetration of the shock train over the 
ramp, shock wave generation due to the airflow-ramp interaction was no longer sizable, and total pressure loss 
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due to the ramp installation was mitigated. Between the injectors with small and no ramps, installation of the 
small ramp had little effects on total pressure loss and the consequent thrust production through expansion. In the 
optimization of the orifice alignments, firstly, the performances of a swept-back injector with the small ramp and 
the 4 holes aeroramp with the small ramp were compared. The swept-back injector with small ramp showed 
better thrust increment than the 4 holes aeroramp injector with the small ramp. A small number of holes was 
advantageous at low fuel/air dynamic pressure ratio because the fuel jet with large geometric shape will pass 
through the boundary layer and penetrate into the mainstream. The larger z direction velocity resulted in a 
generation of more intensive streamwise vortices in case with the swept-back injector with the small ramp. The 
variation of combustor net thrust in terms of Isp against fuel equivalence ratio were compared, and the 
swept-back injector with the small ramp showed slightly better performance than the 4 holes aeroramp injector 
with the small ramp, in whole equivalence ratio range. From the thrust performance in both the combustor and 
the imaginary nozzle, at low equivalence region, the 4 holes aeroramp injector with the small ramp showed 
higher Isp than the swept-back injector with small ramp. In the swept-back with small ramp, instead of 
improving fuel penetration at such a low fuel equivalence ratio, the fuel jet was directly exposed to supersonic 
flow of mainstream. Therefore, the total pressure loss increases more than the 4hole with small ramp. As a result, 
at low equivalence region, the 4hole with small ramp showed higher nozzle Isp than the swept-back with small 
ramp. Additionally, higher combustor Isp of the swept-back injector with small ramp led to larger total pressure 
loss by intensive combustion. Difference in the nozzle Isp between the 4 holes aeroramp injector with small 
ramp and the swept-back injector with small ramp became small with higher equivalence ratio. Next, the 
performances of the modified 3 holes aeroramp injector with the large ramp and the 4 holes aeroramp with the 
large ramp were compared. The 4 holes aeroramp injector with the large ramp showed slightly better combustor 
thrust increment than the modified 3 holes aeroramp injector with the large ramp at around = 0.2. The modified 
3 holes aeroramp injector with the large ramp showed lower nozzle Isp than the 4 holes aeroramp with large 
ramp injector throughout the fuel equivalence ratio in the present study. 
In Chapter 4, focusing on the aligned compression - expansion short ramps characterizing the shape of 
the proposed aeroramp injector, moving of the separation point of the boundary layer in the combustor was 
visualized by schlieren method and time-variation of wall pressure depending on the movement of the separation 
point was obtained. From these results, the critical pressure-ratio of the boundary layer separation nearby those 
ramps was calculated. Values of the critical pressure-ratio obtained from experiments were compared with 
traditional three prediction equations (Mager's and Schumucker's, and Lawrence's equation) and applicability of 
these formulas was investigated. In the condition of 30 mm duct width, comparison between the experimental 
results and predictions showed that the Mager's equation and Schumucker's one could predict experimental 
values within the error bar range. Lawrence's equation under-estimated the value in almost all range of the local 
Mach numbers above the duct wall. Experimental data deviation between the prediction by Mager's equation and 
the experimental data was within 19%. Additionally, effects of the duct width and gas injection on the critical 
pressure-ratio were investigated. The duct width showed little effects on the critical pressure-ratio when reduced 
from 30 mm to 22 mm. Further reduction from 22 mm to 15 mm in the duct width caused little effects on the 
critical pressure-ratio on the compression ramp, but it resulted in an increased ratio on the expansion ramp. The 
gas injection from expansion ramp surface suppressed the boundary layer separation on the expansion ramp, as 
the injection induced streamwise vortices for intensive momentum exchange between the mainstream and the 
boundary layer flow. A higher injection pressure resulted in a higher critical pressure-ratio, as the streamwise 
vortices generation was enhanced with the higher injection pressure. In comparison to the combustion test results, 
the critical pressure for separation to move from the downstream to the expansion ramp, the critical pressure for 
separation to be anchored on the trailing edge of compression ramp, and the critical pressure for the shock train 
to penetrate the compression ramp, were predicted by Mager’s equation. 
Chapter 5 is the conclusions. The major results obtained in this study are summarized. 
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Nomenclature 
 
A  = cross-sectional area 
AFRs = air/fuel ratio of the stoichiometric mixture 
Cd  = discharge coefficient of injectors 
de  = equivalent diameter of injector holes 
dj  = fuel jet diameter 
FC   = thrust coefficient increment 
F  = thrust by integral wall pressure 
Isp  = specific impulse 
m   = mass flow rate 
Mw  = molecular weight 
P,Pw  = static pressure, wall static pressure 
P0,Pt  = stagnation pressure, total pressure by Pitot prove 
q   = jet to mainstream momentum flux ratio 
RR  = recovery ratio 
SCR  = conversion stoichiometric ratio 
T  = static temperature 
T0  = total temperature 
u  = flow velocity in x direction 
v  = flow velocity in y direction 
w  = flow velocity in z direction 
x  = streamwise coordinate 
X  = mole fractions 
y  = spanwise coordinate 
Y  = mass fractions 
z  = vertical coordinate 
   = angle in plane with a vector of fuel jet and z axis 
m   = mixing efficiency 
   = angle in x - z plane 
   = total pressure loss parameter 
   = density 
   = equivalent ratio 
   = angle in x – y plane 
Subscripts 
cold  = data of the cold flow experiment 
comb.  = data of the combustion experiment 
exp.  = expansion ramp 
inj.  = injection 
f  = fuel 
l  = local 
t  = total 
O2  = oxygen 
0  = stagnation 
   = mainstream 
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Chapter 1 
Introduction 
 
1.1 Background and Motivation 
1.1.1 Problems of Space Transportation System 
In order to satisfy growing demand on space transportation in future, inexpensive 
space transportation systems are necessary and many R&D activities have been conducted 
around the globe. Satellites and space probes have been carried from the surface of the earth 
to their destinations by rockets, same for all past astronauts. As of now, most rockets are not 
reusable because of technical difficulties and their transportation costs are very high because 
production costs are all counted for every launch. If reusable launch vehicles (RLVs) become 
operational, the transportation costs will be drastically reduced, possible by an order of 
magnitude. This reduced cost will dramatically accelerate the utilization of space, such as 
space solar power satellites (SSPS). The biggest technical constraint of the space 
transportation vehicle design is that the mass ratio of propellant (fuel plus oxidizer) to the 
gross lift-off weight is quite high (namely 90%). This high ratio is inevitable as far as using 
rockets, according to our important formula of Tsiolkovsky below, 
 
        
  
  
    (1.1) 
 
where    is ,     is the specific impulse,   is the acceleration of gravity,    is the initial 
mass, and    is the mass after the passage of optional time. Even the current system with 
emptied-tank jettisons, the mass ratio is 85% with most efficient hydrogen / oxygen rocket 
engines. Without jettisons, i.e., for a single stage to orbit RLVs, this ratio will reach as high as 
93% (planned value for the VentureStar project, Ref. 1.1). 
 
1.1.2 Space Plane and Hypersonic Air-Breathing Engine 
 To attain a reduced mass ratio, it is necessary to increase the Isp as shown in Eq. 1.1, 
however, the performance of the rocket engines are already at their limit, for example, the Isp 
in vacuum by the RS-24 (Space Shuttle Main Engine) engine reached 95% of theoretical 
maximum already, so that there remains little room for improvement in Isp with th rocket 
engine. One feasible measure to increase Isp drastically is to introduce air-breathing engine 
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during the atmospheric flight, so that the onboard oxygen consumption will be drastically 
reduces, especially with hypersonic air-breathing engines. The use of air-breathing engines 
suits to winged airframes, so that so-called gravity loss will be reduced, and power level 
necessary for lift and acceleration can be reduced for high reliability. This type of vehicle is 
called as a ‘space plane.’ The hypersonic air-breathing engine has high potential as a 
propulsive device for the space plane. By using this engine, the weight of on-board propellant 
can be greatly reduced because atmospheric air is used as an oxidizer. To compare a 
propulsion performance, a comparison of the estimated specific impulses of several 
aero-breathing engines and rocket engine to the flight Mach number is shown in Fig. 1.1 [1.2]. 
The specific impulse is defined as  
 
     
 
    
    (1.2) 
 
where   is the thrust, and     is the mass flow rate of on-board propellant. In case with 
rocket engines, both mass flow rate of oxidizer and fuel are added to    , so the value of Isp 
is low. On the other hands, only the fuel flow rate is counted for     of air-breathing engines,  
 
 
 
 
Fig. 1.1 Operation range of air-breathing propulsion performance [1.2] 
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i.e. turbojet, ramjet and scramjet engines, therefore Isp of air-breathing engines becomes high 
value. Especially, focusing on upper supersonic and hypersonic flight, for the flight Mach 
number from 3 to 6, a ramjet engine has the highest specific impulse. This engine has no 
rotating device such as a compressor and a turbine. Inhaled air can be sufficiently compressed 
to subsonic at the inlet due to its high dynamic pressure in this flight range (termed as ram 
compression.). For the flight Mach number above 6, however, the operation of the ramjet 
engine becomes impossible. Most severe reason of this is an excessive loss in total pressure 
caused by strong shock wave formed in the compression process from hypersonic to subsonic. 
In addition, too high static temperature of the compressed airflow by strong shock wave leads 
to the dissociation of combustion products, and this dissociation absorbs a part of the heat 
released by combustion. These deficits can be mitigated by giving moderate compression of 
the airflow. In this way, the inhaled air is kept supersonic speed at the entrance of combustor, 
and such engine is called a supersonic combustion ramjet engine (so called scramjet). Figure 
1.2 [1.3] illustrates the internal flow structure of the ramjet and scramjet engines. 
 
(a) Ramjet engine 
 
 
(b) Scramjet engine 
 
Fig. 1.2 Schematic of a ram and scramjet engine [1.2] 
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Both engines have the same flow structure using ram compression and combustion in a simple 
duct without rotating device. Furthermore, scramjet engine can be operated as a ramjet by 
attaining thermal choking and associated aerodynamic compression upstream to subsonic 
speed. This engine is called as a dual-mode scramjet engine, and the ramjet-like operation as 
ramjet-mode operation, the transition being at range of Mach 5 to 7 [1.4]. 
The research and development of the scramjet and the dual-mode scramjet engine have 
been carried out by the United States, Russia, Japan, China, Australia, and also conducted by 
emerging countries in space sector. In the United States, there were two significant 
experimental scramjet-powered aircraft X-43A and X-51A made successful flight tests. The 
hydrogen fueled X-43A was developed by NASA (the National Aeronautics and Space 
Administration) of United States with its contractors, and achieved Mach 9.68 flight for 11 
seconds in November 2004 [1.5]. The hydrocarbon-fueled X-51A was developed by the U.S. 
Air Force Research Laboratory, the Defense Advanced Research Projects Agency (DARPA), 
Boeing, and Pratt & Whitney Rocketdyne, and it demonstrated 240 seconds of continuous 
flight successfully in May 2013. In this flight, maximum Mach number was 5.1 [1.6]. 
 
1.1.3 Research Activities at JAXA on Rocket Based Combined Cycle (RBCC) Engine 
In Japan Aerospace Exploration Agency (JAXA), a Rocket Based Combined Cycle 
(RBCC) engine has been researched as an engine for future space transportation system [1.7]. 
Figure 1.3 shows a schematic diagram of the RBCC engine and its operation modes. The 
RBCC engine is an engine that incorporates rocket engines in a scramjet flow-pass. It has four 
operation modes; ejector mode (flight Mach number M0 ~ M3), ramjet mode (M3 ~ M7), 
scramjet mode (M7 ~ M11) and rocket mode (M11 ~, note numbers are for hydrogen fuel 
case). In the ramjet mode operation, the rocket engines are to be operated at low output, so 
that they will serve as torch igniter to the separately injected fuel. In the scramjet mode 
operation, rocket engines are to be operated at high output to attain sufficient acceleration. In 
the ramjet mode operation, subsonic combustion is attained without mechanical throat, due to 
the thermal choking by fuel heat release. In the scramjet mode operation, supersonic 
combustion is attained, the rockets engines being used as a gas generator with fuel rich 
condition. However, it was found that a certain portion of the fuel for supersonic combustion 
should be injected independently beside the gas generator to attain sufficient combustion 
efficiency [1.8]. Therefore, the RBCC engine in range of flight Mach number 3 to 11 will be 
operated in the manner same as the dual-mode scramjet engine. The RBCC engine also 
suffers from the same technical difficulties as the dual-mode scramjet engine about engine 
performance improvement, namely to achieve both good fuel/air mixing and combustion 
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performances and to reduce total pressure loss in the engine. 
 
 
 
 
Fig. 1.3 Schematic diagram of operating conditions of the combined cycle engine [1.5] 
 
 
1.2 The Objective of the Thesis 
Fuel/air mixing and combustion enhancement are the key technologies for the 
development of the scramjet engine and the dual-mode scramjet engine operated in the 
scramjet mode. The operational flight speed range of the scramjet engine is from about Mach 
6 to 12 or higher, and in such a range, it is required to carry out rapid fuel/air mixing and 
combustion with minimum total pressure loss, because the residence time of fuel in scramjet 
combustors is in order of millisecond and higher total pressure drop will result in lower 
efficiency of the engine cycle. Enhanced fuel/air mixing and combustion result in a decrease 
in the length of the combustor, and therefore, in a reduction in skin friction drag and in an 
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increase in the potential to generate net thrust. Lower total pressure losses lead to suppression 
in static temperature after compression, resulting in an improvement in the engine cycle 
efficiency [1.9-11]. 
Usage of turbulent vortices is effective for enhancement of fuel/air mixing. However, 
in the scramjet combustor, development of a two-dimensional large-scale vortex structure 
playing an important role in the low-speed turbulent mixing, is suppressed because of the 
compressibility effect [1.12-15]. Figure 1.4 shows a typical shadowgraph image of a subsonic 
mixing layer [1.16, 1.17]. Figure 1.5 shows the reduction rate of the growth rate for 
compressible mixing layer to that for incompressible one plotted against the convective Mach 
number, Mc [1.18]. The growth rate rapidly decreases with increase in Mc. 
 
 
 
Fig. 1.4 Shadowgraph image of subsonic mixing layer [1.12, 1.13] 
 
 
 
Fig. 1.5 Normalized growth rate of compressible mixing layer plotted versus Mc [1.14] 
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On the other hand, usage of the streamwise vortices is one of the promising ideas for 
enhancement of fuel/air mixing in supersonic flow because the three-dimensional structure 
grows up better than the two-dimensional structure in the flow with the compressibility effect 
[1.19]. 
Many studies of fuel injection focusing on the generation of streamwise vortices into 
a mainstream have been performed, using transverse injectors [1.20-28], ramp injectors 
[1.29-32], and jet-swirling type injectors [1.33-37]. Especially, focusing on the fuel injection 
at a low angle to use fuel jet momentum for thrust production, Northam et al. investigated a 
variety of wall-mounted injectors and proposed enhancement technique of mixing and 
combustion by physical ramp injectors (Fig. 1.6) [1.29, 1.30]. Schumacher and Sislian 
conducted numerical studies of mixing efficiencies of a cantilevered ramp injector (Fig. 1.7) 
[1.38-41]. They showed that the cantilever ramp injector can obtain significant improvement 
in mixing efficiency with a slight increase in total pressure losses than Northam's 
conventional ramp injectors [1.38] and that the effect of sweptback-angle of ramp sidewalls 
on the mixing enhancement is small in the cantilever ramp shape [1.39]. Sunami et al. have 
been proposed a ramp injector called 'Hypermixer' (Fig. 1.8) with a similar shape to the 
cantilever ramp injector, with a dense spanwise interval. Experiment and numerical studies 
[1.42-45] on a scramjet engine with the hypermixer injector were carried out in Mach 8 flow 
and it was shown that higher mixing and combustion efficiency could be obtained than 
transverse injector and low-transverse-angled injector with a rearward-facing step. 
The cantilevered ramp injector and the hypermixer injector have high performance 
for fuel/air mixing, but they have problems to maintain pristine geometry under an extremely 
harsh thermal environment of high-enthalpy flows. The tip of these injectors is a very thin 
structure. Therefore, a hotspot with temperature more than the thermal limits of the most 
practical materials is easily formed by an invasion of heat. Figure 1.9 show is a photograph of 
the tip of the hypermixer injector which was actually melted in a combustion experiment. 
Without adequate cooling at the tip of the injector, the shape of the injector edge will be lost 
as shown in this figure. Loosing the sharp edges would reduce the effectiveness to create 
streamwise vortices. To avoid this problem on the conventional ramp injectors, so-called 
'Aeroramp' injector (Fig. 1.10) has been proposed [1.46-54]. The aeroramp injector design 
showed promising features such as mixing characteristics close performance level to the 
conventional ramp injector with lower pressure losses. For the cantilever ramp injector and 
the hypermixer injector, applying the design concept of the aeroramp injector may make it 
possible to avoid occurrence of hot spots while maintaining high performance on fuel/air 
mixing and combustion as the cantilever ramp injector and the hypermixer injector. 
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Fig. 1.6 Conventional ramp injectors [1.27] 
 
 
 
 
 
 
 
Fig. 1.7 Cantilevered ramp injectors [1.35] 
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Fig. 1.8 “Hypermixer” injector [1.40] 
 
 
 
 
 
Fig. 1.9 Photo of melted hypermixer wedge in a combustion experiment 
 
 
 
 
Flow
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Fig. 1.10 “Aeroramp” injector. 
 
 
 
 
1.3 The contents of the thesis 
This thesis consists of the following five chapters. 
Chapter 1 is the introduction. In this chapter, the background and motivations of the 
present research, the past researches related to the present topics, and the problem and the 
objective of this work are shown. 
In Chapter 2, a new aeroramp injector was proposed and the performance of this 
injector was assessed by comparison to that with the hypermixer injector known to provide 
enhanced mixing and combustion in supersonic flow. Combustion experiments and 
non-reactive mixing experiments on both injectors were conducted. Several performance 
indices were calculated to quantify the mixing and combustion characteristics of each injector. 
The flow fields generated by each injector were observed and described in detail. 
In Chapter 3, design parameters on the aeroramp injector proposed in the present 
(a) Conceptual 9 hole Aeroramp [1.47] 
 
(b) Improved 4 hole Aeroramp [1.49] 
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study, were optimized in term of the combustor performances. The effects of the orifice 
design and the ramp height on the combustor performance were evaluated based on the results 
of combustion experiment. 
In Chapter 4, as the first step to clarify the condition of the boundary layer separation 
in supersonic flows with the aligned compression - expansion ramps, the separation being 
observed to play critical role to determine flow field and resulting combustor performance in 
the combustion experiment described in Chapter 2 and Chapter 3, the critical pressure of the 
boundary separation nearby those ramps were investigated experimentally. Furthermore, 
predictions of such critical pressure values were tried using several proposed formula for the 
turbulent boundary separation. 
Chapter 5 is the conclusions. The major results obtained in this study are 
summarized. 
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Chapter 2 
 
A Study on Aerodynamic Wedge Replacing Physical one of 
Hypermixer Injector for a Scramjet Combustor 
 
2.1. Introduction 
The physical ramp injector, such as the cantilevered ramp injector and the 
hypermixer injector have very good performance for fuel mixing enhancement, but they have 
problems to maintain pristine geometry under an extremely harsh thermal environment of 
high-enthalpy flows. The tip of these injectors is a very thin structure. Therefore, a hotspot 
with temperature more than the thermal limits of the most practical materials is easily formed 
by an invasion of heat. Loosing the sharp edges would reduce the effectiveness to create 
streamwise vortices. To avoid this problem on the conventional ramp injectors, so-called 
'Aeroramp' injector has been proposed and studied by Cox et al. [2.1], Cox-Stouffer and 
Gruber [2.2-2.4], Gruber et al. [2.5], Fuller et al. [2.6], Jacobsen et al. [2.7-2.8], and Schetz et 
al. [2.9]. In the aeroramp design, fuel jets through neighboring orifices were geometrically 
arranged so as to generate streamwise vortices into mainstream instead of the physical ramp. 
The aeroramp injector design showed promising features such as mixing characteristics near 
the same performance level to the conventional ramp injector with lower pressure losses. For 
the cantilever ramp injector and the hypermixer injector, applying the design concept of the 
aeroramp injector may make it possible to avoid occurrence of hot spots while maintaining 
these as good performance of fuel mixing and combustion as the cantilever ramp injector and 
the hypermixer injector. The purpose of this study was to assess the performance of a new 
aeroramp injector to be substituted for the physical ramp injector with enhanced mixing by 
comparing it to the hypermixer injector known to provide enhanced mixing and combustion 
in supersonic flow. Combustion experiments and non-reactive mixing experiments on both 
injectors were conducted. Several performance indices were calculated to quantify the mixing 
and combustion characteristics of each injector. The flow fields generated by each injector 
were observed and described in detail. 
 
2.2. Injector Models 
2.2.1 Hypermixer Injector 
The hypermixer (HM) injector tested in the present experiments was based on the 
design concept introduced by Sunami et al [2.10-2.13]. HM was consisted of a 
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two-dimensional compression ramp at upstream side, and a following generating streamwise 
vortices section. At this section, wedges were formed by extended compression ramp from the 
upstream side, and wedges and expansion ramps were arranged alternately in the span width 
direction. Moreover, the wedge looked like a cantilevered beam and small cavities were 
formed under each wedge. Figure 2.1(a) and (b) show schematic images of HM used in the 
combustion and the mixing experiment, respectively. HM for the combustion experiment had 
four wedges and HM for the mixing experiment had one wedge. Ramp angles, ramp height, 
and wedge geometries were the same in both injectors’ design.  Fuel was injected through 
circular orifices located at the trailing edge of the wedge and was stretched by a pair of 
counter-rotating streamwise vortex formed in the wedge wake flow [2.14-2.18]. 
 
2.2.2 Aeroramp Injector 
The second injector model was the new aeroramp (AR) injector which had aligned 
orifices to form aerodynamic wedges in place of physical wedges of HM.  Figure 2.2(a) and 
(b) show schematic images of AR used in the combustion experiment and mixing experiment 
conducted in this study, respectively. The aligned orifices were located on a two-dimensional 
expansion ramp, which was composed of multiple flush-wall jets as a set. For the arrangement 
of the flush-wall orifices, 4-hole aeroramp configuration proposed by Jacobsen et al. was 
adopted. Fuel jets through 4-hole orifices were geometrically arranged so as to generate 
streamwise vortices that would lead to enhanced mixing [2.8]. Ramp angles and ramp height 
were the same as HM, but the number of aerodynamic wedges for the combustion experiment 
was three due to spatial limitations of the injector structure. 
The following advantages were expected by using AR on the expansion ramp, rather 
than on a horizontal surface. First, streamwise vortices were further enhanced with a higher 
fuel jet angle to the airflow, as the value of circulation generated by fuel injection in the flow 
field would be increased by increasing the difference of speed in the vertical direction 
between the fuel jet and the airflow. On the other hand, more dynamic pressure of fuel jets 
would be added to thrust with a lower fuel jet angle. Thus, by setting the orifices on the 
expansion ramp, one could reduce the fuel jet angle against the thrust line for larger thrust, 
while giving a higher jet to local airflow angle to enhance the generation of the streamwise 
vortices. Second, generating an oblique shock wave at the trailing edge of the expansion ramp 
was to include shock-induced vortex generation, vortex breakdown, and fuel ignition, all of 
which have been shown to be effective mixing and combustion enhancement mechanisms. 
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Fig. 2.1 Schematic image of HM injectors. 
 
Fig. 2.2 Schematic image of AR injectors. 
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2.3. Experimental Apparatus and Flow Conditions 
2.3.1 Combustion Experiments 
The combustion experiments were conducted in a blow-down type wind tunnel using 
a direct connected combustion test facility at Japan Aerospace Exploration Agency, Kakuda 
Space Center [2.19]. High enthalpy airflow was supplied from a vitiation air heater and was 
accelerated by a converging - diverging nozzle. Figure 2.3 shows the schematic of flow path 
of a scramjet combustor and a supersonic nozzle used in the present study. The scramjet 
combustor was connected to the vitiation air heater through the two dimensional supersonic 
nozzle. The combustor consisted of four parts, which were isolator section, injector section, 
constant area section, and diverging section. The combustor cross section was rectangular 
with a fixed span width of 100 mm, and the isolator entrance as the facility nozzle exit was 50 
mm (height) by 100 mm (width) in cross section. As shown in the figure, the x coordinate as 
the streamwise direction was from the onset of the trailing edge of the injector, so that the 
location of fuel injection was x = 0 mm in HM. The y coordinate was in the spanwise 
direction from the center of the combustor, and the z coordinate was in the height direction 
from the sidewall of the constant area section. Length of the constant area section was 135 
mm with height of 64 mm, and the diverging area section had semi-half angles of 1.72 
degrees with length of 400 mm. The resulting exit area of the diverging section was 86 mm in 
height and 100 mm in width. The combustor and the supersonic nozzle were made of 
oxygen-free copper and both were un-cooled as the test duration was limited to about 10 
seconds. 
In the combustion experiments, wall static pressure was measured on the top wall 
side, along the scramjet combustor center line and on several points in the width direction 
near the downstream of the injector by scanning type pressure sensors (Scanivalve, Inc., 
PDCR24, error ± 1.4 kPa), and it took 2.4 seconds to scan all ports of wall pressure. 
Differential pressure at sharp-edge orifice, stagnation pressure and temperature of each 
supplied gas were measured continuously with pressure sensors and thermocouples, and the 
flow rate of each gas was calculated from these data.  Additionally, visualization of the flame 
was carried out by direct photography through a quartz window using a CCD video camera. A 
quartz window was installed on the combustor sidewall at the range of x = -100 mm to 245 
mm. On all test conditions, the combustion state was stable during wall pressures 
measurement, as long as they were monitored by the video camera. 
Nominal flow conditions were Mach number M = 2.5, total pressure P0 = 1.00 ± 0.04 
MPa, and total temperature T0 = 2250 ± 60 K. Oxygen was added to maintain the oxygen 
fraction of the vitiated airflow to be 21.0 vol. % ± 5%. This total temperature corresponded to 
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a Mach number 7.5 flight condition. The supplied fuel was gaseous hydrogen at room 
temperature T0f = 288 ± 12 K. Two cases of fuel injection location were tested. In one case, 
fuel was injected from only top wall (Single-sided Injection, SI), and in the other case, fuel 
was injected from both top and bottom walls (Double-sided Injection, DI). Injection pressure 
of fuel was so adjusted that the total equivalence ratios between AR and HM were matched. 
In this operation, the injection pressure was not matched at the same equivalence ratio 
because equivalent diameters of fuel injection holes de were different between HM and AR. 
However, a scaling factor of qCd de  was matched in both injectors. A governing length 
parameter qde  proposed by Papamoschou et al. and Kouchi et al. to unify jet penetration 
and a trajectory of the fuel distribution for transverses injection in supersonic flow [2.20,2.21] 
was adopted.  The orifice diameter de was replaced 
de Cd  with to account for the effect of 
discharge coefficient on the jet diameter. Further details of test condition are summarized in 
Table. 1 
 
2.3.2 Mixing Experiments and Schlieren Visualization 
Schlieren visualization was carried out to clarify the state of the flow field in the 
wake of the injector, and probe measurements were added to evaluate the mixing performance 
and losses. These experiments were conducted in a room temperature flow (termed as ‘cold’ 
flow in the present study) without reaction because a low enthalpy flow allowed insertion of 
gas sampling probes with fine resolutions to measure the mole fraction and pressure in the 
cross-section of the combustor duct. Schematic image of a test section for cold flow 
experiments is illustrated in Fig. 2.4. This test section (shown as gray masked portion in Fig. 
2.3) was designed to be a sector of the duct used for combustion experiment shown in Fig. 2.3.  
The duct for mixing and schlieren experiments had about half height in comparison to the 
combustor for the combustion experiment. Therefore, the test section had only single fuel 
injector on the bottom wall. The cross-section of the test section was a rectangular and its 
span width was 30mm. Note that only one pair of counter-rotating vortex was generated from 
the single injector, and interaction between adjacent pairs of counter-rotating vortex could not 
be reproduced in this configuration. The top wall had a gradient of 1/100 to diminish the 
pressure rise with the development of boundary layer on the top wall, which didn't exist in the 
combustor for combustion experiments. Coordinates were set the same as in the duct for the 
combustion experiment. 
The test section was connected to an intermittent suction-type wind tunnel through an 
adjustable back-pressure chamber. A throttling valve called 'flow plug' was placed in the 
back-pressure chamber, to simulate the blockage effects of heat release in the duct without 
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combustion [2.22]. In this study, the wall pressure from x = 0 mm to 60 mm in the cold flow 
was approximately matched with that in the combustion experiment by adjusting flow plug 
opening. Thus, a flow structure in the combustion experiment could be reproduced in cold 
flow. 
During cold flow experiments, total temperature and pressure of mainstream were 
room temperature T0 = 289 ± 9 K and pressure P0 =  98 ± 2 kPa, respectively. Gaseous fuel 
was simulated by helium gas of room temperature. Helium supply pressure of AR was so 
adjusted that the scaling factor of qCd de  was matched to that in the combustion experiment, 
and that of HM was determined to attain matched helium flow rate to AR. The measurements 
applied to the cold flow tests were schlieren visualization, static and Pitot pressure 
measurements within the cross section, wall pressure measurements, supply pressure 
measurements of helium, and gas sampling. Helium supply pressure and wall pressures were 
measured by continuous monitoring sensors, and static and Pitot pressures were measured 
using scanning type pressure sensors (Scanivalve, Inc., PDCR24, error ± 1.4 kPa). Pitot 
probes were connected to pressure sensors and gas sampling bottles for gas chromatography 
(Varian, Inc., CP-4900 Micro-GC, error ± 0.2 Vol.%), so that these probes also served as gas 
sampling probes. During scanning pressure and sucking of gas sampling, the opening ratio of 
the flow plug was PID controlled for obtaining the steady flow. Gas species were analyzed by 
Area Normalization with Response Factor [2.23]. Gas sampling and pressure proving were 
carried out in several cross sections with 2.7 mm interval in the y direction and 2.5 mm 
interval in the z direction, which had ± 0.5 mm reading error for the probe location. 
For schlieren visualization, parallel light rays passed in the y direction of the test section.  
The knife-edge direction was in parallel to the x coordinate so as to visualize the transverse 
density gradient in order to observe the streamwise vortex and the shear layer in wake flow of 
HM and AR injectors. 
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2.4. Results and Discussion 
2.4.1 Wall Pressure Distributions of the Combustion Experimenrts 
Figures 2.5 and 2.6 show distributions of the wall pressure normalized by the total 
pressure. In Fig. 2.5 showing the results in the case with SI, the zig-zag formed wall pressure 
distributions indicated the shock reflections. Therefore, supersonic combustion was attained.  
In all conditions in Fig. 2.5, the steep rise in pressure present at x = 0 mm was mainly due to 
the recompression shock wave at the trailing edge of the injector expansion ramp, not due to 
combustion. Pressure rises due to combustion appeared at downstream around x = 60 mm for 
HM and x = 80 mm for AR. Wall pressure from x = 0 mm to these positions were the same as 
that without fuel injection. Increasing the total equivalence ratio from 0.2 to 0.4 in both 
injectors resulted in a rise in the wall pressure, and the degree of rise was greater with HM 
than with AR. 
In Fig. 2.6 showing the results in the case with DI, the wall pressure distributions 
showed that pressure rise started in the injector section and there were pressure peaks in the 
constant area section. In the case of AR, increasing the total equivalence ratio from 0.4 to 0.9 
led to the pressure rise in the entire region downstream of the injector. On the other hand in 
the case of HM, the pressure distribution in the diverging section hardly changed although the 
peak pressure increased. Focusing on the condition of  = 0.9 with both injectors, wall 
pressure in the latter portion of the constant area section decreased obviously due to fuel heat 
releases, meaning that the one-dimensionally averaged flow field was subsonic. However, 
peak pressures were much lower than the critical pressure by thermal choking for 
one-dimensional Rayleigh flow. The behavior of flow similar to this observation was called as 
compound choking [2.24-2.26], caused by the non-uniformity of the supersonic internal flow.  
Therefore, it is important to obtain information in the cross section of the duct. 
 
2.4.2 Direct Photograph 
Direct photographs in the condition of  = 0.4 (SI) and  = 0.9 (DI) are shown in Fig. 
2.7. In Fig. 2.7(a), the injector was installed on the top and bottom walls but fuel was injected 
only from the bottom wall. Flame was stabilized away from the injector. Positions of the 
strong flame emission were around x = 80 mm for HM and x = 100 mm for AR. These 
positions agreed with the peak pressure positions for each injector in Fig. 2.5. 
In Fig. 2.7(b), the same amount of fuel was injected from the top and bottom walls.  
In both cases, flame tips were attached to the trailing edge of compression ramp. For both 
injectors, the flame first expanded in y direction toward the center-line, and them converged in 
the y direction toward the wall. The positions where the top and bottom flames were the 
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Fig. 2.5 Wall pressure distributions along the combustor of the condition SI. 
 
 
Fig. 2.6 Wall pressure distributions along the combustor of the condition DI. 
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closest, were x = 100 mm for HM and x = 80 mm for AR. These positions agreed with the 
peak pressure position in both injectors. It was considered that these positions were the 
choking point for the mainstream. 
 
 
 
(a) The condition of SI, 
 
 
(b) The condition of DI, 
 
Fig. 2.7 Direct photographs of flame. 
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2.4.3 Schlieren Visualization 
Schlieren visualizations were carried out and six cases were compared to clarify 
these flow structures. Figure 2.9(a) to (c) show the instantaneous schlieren images of the 
mixing flow field with HM, and Figure 2.9(a) to (c) show these with AR, respectively. Figures 
on top (Figs. 2.8(a) and 2.9(a)) show images under condition without fuel injection and 
back-pressure rise (BPR) adjustment. Figures in the middle (Figs. 2.8(b) and 2.9(b)) show 
images under condition with fuel injection but without BPR adjustment. This condition was to 
simulate the flow field near injectors in the case of  = 0.4 (SI), i.e., non-combustion was 
attained in these regions so that pressure rise due to combustion was not observed in 
combustion experiments.  The flow fields in Figs. 2.8(b) and 2.9(b) were very similar to 
each other. In these figures, parallel bright and dark bands at the bottom of helium jet regions 
downstream of injectors were visible. Those were thought to be the trace of a pair of 
counter-rotating streamwise vortex.  The streamwise vortices were interfering with the 
oblique shock wave generated at the leading edge of the injector compression ramp and with 
the recompression shock wave generated at the trailing edge of injector expansion ramp. The 
recompression shock wave coalesced with several compression waves generated by jet 
boundary of helium and became a stronger oblique shock wave. Comparison with Fig. 2.7(a) 
shows that emissions of flame started from the incident position of the recompression shock 
wave from the opposite wall, therefore the recompression shock wave strongly enhanced 
combustion. 
 Figures 2.8(c) and 2.9(c) show images under condition with fuel injection and the 
BPR adjustment. This condition simulated the flow field in the case of  = 0.9 (DI). The flow 
fields in Figs. 2.8(c) and 2.9(c) were also similar to each other, showing that the boundary 
layer on injector compression ramp was separated at the leading edge of the injector 
expansion ramp.  Along the bottom wall downstream from the position of the boundary layer 
separation, a large separation bubble and a shear layer were formed between the core flow and 
this bubble.  Thus, in this condition for both injectors, the injector wedges was covered with 
a large separation bubble, causing the oblique shock wave to be anchored at the end of 
compression ramp. In this case, there was little contrast of brightness between the shear layer 
and helium jet, so that helium jet was injected and diffused into the share layer. As emission 
regions of flame shown in Fig. 2.7(b) were in the same positions to the share layer in Figs. 
8(c) and 9(c), so that major combustion occurred in the shear layer. The expansion and 
convergence of the flame region seen in Fig. 2.7(b) agreed with the change of the shear layer 
width in the y direction caused by interference with shock waves and expansion waves. In Fig. 
2.8(c) and 2.9(c), trace of streamwise vortices wasn't observed. The wedge was covered with 
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Fig. 2.8 Instantaneous images of schlieren method in the flow filed near the injectors 
(with HM). 
 
 
 
Fig. 2.9 Instantaneous images of schlieren method in the flow filed near the injectors 
(with AR). 
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the separation bubble, and the negative velocity in the y direction required for generating 
streamwise vortices could not be obtained. 
 
2.4.4 Contours of Fuel Mass Flow Rate and Mach Number 
As mentioned before, streamwise vortices were generated in the injector wake in case 
without BPR adjustment. On the other hand, with BPR adjustment, the injector wedges were 
covered with the separation bubble under the shear layer separated from the end of the 
injector compression ramp and streamwise vortices weren't observed.  In this part, the fuel 
distributions in the cross section are presented and the influence of the change in flow field on 
the fuel diffusion will be described for both injectors. 
The helium mass flux and Mach number profiles for HM are presented in Figs. 
2.10(a) and 2.11(a), and for AR are presented in Figs. 2.10(b) and 2.11(b). In the present study, 
local mass flux of helium and local Mach number were estimated based on sampled gas 
composition by Gas Chromatography and Pitot and static pressure measurements with 
adiabatic assumption.  Measurement positions normalized by the scaling factor of qCd de  
were at 3.2 ± 0.1 (x = 20 mm, St. 1), 8.5 ± 0.4 (x = 40 mm, St. 2), and 14.0 ± 0.4 (x = 60 mm, 
St. 3), respectively. The conditions in Fig. 2.10 without BPR adjustment corresponded to the 
condition of SI ( = 0.4), and the conditions in Fig. 2.11 with the BPR adjustment 
corresponded to the condition of DI ( = 0.9). 
The profiles for AR in Fig. 2.10(b) at St. 2 and St. 3 showed that a significant pair of 
counter-rotating streamwise vortices was created by the injector array, which was evident by 
the double cores shape of fuel plume. The mainstream was supersonic in the whole duct 
cross-section, and little fuel was observed near the low speed region around the wall surface. 
The core of the fuel plume was lifted from the wall surface. Figure 2.10(a) presents the fuel 
flux and Mach number profiles for HM. At St .2 and St. 3, a single pair of counter-rotating 
streamwise vortices with the double core shape was also observed for HM. In comparison to 
AR profiles, a most noticeable difference was seen at St.1. For AR, fuel plume was widely 
distributed by the complicated injector array, but for HM, on the other hand, the potential core 
of the fuel jet, i.e., fuel mass fraction of unity, was still observed. For HM, the shape of the 
streamwise vortices was shorter in y direction than for AR. These features could also be seen 
in numerical simulation studies on cantilever injector [2.14,2.15].  Although the shapes of 
streamwise vortices for AR and HM were different from each other, the fuel plume was 
overlapped with the streamwise vortices for both injectors. Therefore, it is considered that the 
mixing by the streamwise vortices was dominant in the fuel mixing process without BPR 
adjustment. 
32 
 
 
Fig. 2.10 Profiles of the fuel mass flow rate and Mach number without BPR. 
(a) HM (b) AR
k
g
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Fig. 2.11 Profiles of the fuel mass flow rate and Mach number with BPR. 
 
(a) HM (b) AR
k
g
/s
34 
 
In Figs. 2.11, the shape feature of the fuel distribution was similar for both injectors.  
In either injector, a single fuel plume existed near the center of the duct, and the fuel spread 
palely and widely below that plume. Comparing the profile of the Mach number and the fuel 
mass flux, the Mach number sharply changes at the y position of the fuel plume, showing 
existence of the shear layer at that position. The region below the shear layer toward the wall 
was subsonic, and the separation bubble existed in this region. In comparison to profiles for 
HM, the profiles for AR showed that the overall area of fuel plume was wider and decay rate 
of plume area was faster. Furthermore, it was shown that the change rate of Mach number in 
the y direction for AR was gentler and the height of the shear layer was larger than those for 
HM, therefore the growth rate of the shear layer for AR was larger than that for HM. In the 
flow filed with both injectors, no double core was observed evidencing the formation of the 
pair of counter-rotating streamwise vortices. Thus, mixing by the share layer was dominant in 
the fuel mixing process in cases with BPR adjustments. 
 
2.4.5 Total Pressure Losses 
 Figure 2.12 shows the variation of the pressure loss parameter in the x direction. The 
pressure loss parameter have been quantified using the loss ratio of mass-averaged total 
pressure, which is defined as 
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Thus, a fuel injector incurring no losses would have   = 0. All values of local density, 
velocity and pressure substituted into this formula, were calculated from probing data. The 
error bars were estimated as follows. Maximum total pressure loss would be attained when 
the undetected mass flow rate by the probing data (deviation between the integration of the 
helium / mainstream mass flow rates and the directly measured ones by the chocked orifices) 
was assumed to have no total pressure, and the minimum to have mainstream / jet total 
pressure. From Fig. 2.12, the values of pressure loss parameter showed no significant 
difference between both injectors at each measurement position. 
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Fig. 2.12 Comparison between HM and AR of total pressure loss parameter. 
 
 
2.4.6 Mixing Efficiency 
 Figure 2.13 shows the variation of mixing efficiency in the x direction. Mixing 
efficiency, which was defined as the amount of fuel that would react if complete reaction 
occurred without further mixing divided by the amount of fuel that would react if the mixture 
were uniform [2.27], was deduced by following equation: 
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where the recovery ratio (RR) were deduced by following equations: 
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Thus, RR was the ratio of the total mass flow rate of estimated fuel gas divided by the total 
mass flow rate of actually measured fuel gas. In the present data, the total mass flow rate of 
actual fuel gas was measured with a choked orifice in fuel supply system, which the value of 
the discharge coefficient Cd had been previously calibrated. Additionally, the definition of 
conversion stoichiometric ratio (CSR) in order to calculate the local equivalence ratio was 
required, because helium used as fuel in cold flow tests is inert gas. In this study, when the 
value of the scaling factor qCd de   in cold flow experiments matched with that in 
combustion experiments, it was assumed that total equivalence ratio matched too.  
According to this assumption, CSR was derived as follows: 
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Thus, local and total equivalent ratio in the cold flow experiment is as follows: 
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In the mixing experiments, q '  instead of q  in Table 1 was used in Eq. (6) for HM to 
compensate the difference in injector numbers in the combustion experiments. The error bars 
were estimated by taking undetected helium gas either as completely mixed or unmixed. 
 From Fig. 2.13, without BPR adjustment (Correspond to SI,  = 0.4), both mixing 
efficiency for AR and HM at St.3 were almost the same, and AR at St. 1 and St. 2 showed a 
higher value than HM. Note that the boundary layer didn’t separate from the combustor wall 
surface, so that generation of the streamwise vortices should taken place, and the fuel plume 
in Fig. 2.13 showed the feature of the pair of counter-rotating streamwise vortices. In the near 
field to the injector, AR injector had four orifices with certain interval, so that injectant could 
be distributed in a wider cross-section than for HM injector having rather centered orifices.  
With distance, air / fuel mixing by the pair of counter-rotating streamwise vortices became 
dominant for both AR and HM, so that mixing efficiency for AR and HM became almost 
identical. This, in turn, showed that the size and the intensity of the streamwise vortices were 
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comparable for AR and HM. Therefore, in such flow field, AR was superior to HM in initial 
mixing performance and both injectors had about the equivalent mixing performance in the 
downstream region away from the injector. 
 With BPR adjustment (corresponded to DI,  = 0.9), AR had better mixing 
performance, say 10%, than HM during all measurement stations beyond error bars. In this 
case, fuel mixing by the streamwise vortices was no longer dominant, but mixing by the shear 
layer was dominant. The reason that the mixing performance with AR became superior to that 
with HM due to change in fuel mixing process was considered to be as follows. Turbulent 
mixing and eddy growth in the share layer for AR was more enhanced than for HM by strong 
interaction between the shear layer and fuel jets because the pitch angle of fuel injection with 
AR was larger than that HM, and fuel was injected with AR in earlier stage of the growth of 
the shear layer than that of HM. Moreover, fuel jets of AR had yaw angle, so that the 
compressibility effect on eddy growth was relaxed because velocity in the x direction of fuel 
jets decreases in the same way as the effect of sweptback angle on a wing [2.28]. 
 The ratio of mixing efficiency with share layer dominancy over that with the 
streamwise vortices dominancy at the measurement position located on the most downstream 
 
 
 
Fig. 2.13 Comparison between HM and AR of tmixing efficiency. 
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side ( qCdx de/  = 14.0) were 0.79 and 0.62 for the aeroramp injector and for the hypermixer 
injector, respectively, showing that loosing generation of the streamwise vortices had worse 
impact for the hypermixer injector. 
 
2.4.7 Thrust Coefficient Increment 
 In order to compare the combustor performance for AR and HM, the thrust 
coefficient increment was used. Figure 2.14 shows the relation between the thrust coefficient 
increment and the total equivalent ratio. Here, the thrust coefficient increment CF, was 
calculated as follows: 
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where Fcomb and Fbase were the integrated pressure thrust with and without combustion, 
respectively. The term ∞u∞
2
A∞ was the product of the dynamic pressure and the area at the 
combustor entrance. In this study, the wall pressure was measured on only the top wall, so that 
the pressure distributions was assumed to be symmetric between top and bottom wall in 
calculating Fcomb and Fbase. The error bars were evaluated as follows; spanwise non-uniformity 
was expected to be the major source of error on thrust deduction, as the pressure distribution 
in the spanwise direction was scarcely measured. As the spanwise non-uniformity was 
supposed to be maximum near the injector (X=0) where the non-uniformity was apparent, 
maximum and minimum deviations from the centerline value at X=0 were normalized by the 
centerline value to give a normalized error range in the spanwise direction. This error range, 
in turn, should indicate the possible error on pressure thrust due to undetected spanwise 
non-uniformity. The one-dimensional reference for maximum performance in Fig. 2.14 was 
calculated under the assumption of complete mixing at the injection position, homogeneous 
flow, and finite rate reaction.  
 In the case of SI, the thrust coefficient increment for AR was slightly inferior to that 
for HM. As mentioned before, in the flow field under the condition of SI, the pressure rise 
caused by combustion didn’t affect the generation of the streamwise vortices and the mixing 
by the streamwise vortices was dominant in the fuel mixing process. As mentioned before, 
there was no difference in mixing performance between AR and HM except for the very near 
field to the injector. As the injector was installed within the constant cross-sectional area duct, 
this difference and consequent difference in pressure showed little impact upon the thrust 
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production. Hence both combustor performances also roughly matched. 
 In the case of DI, thrust coefficient increments for both injectors around  = 0.4 were 
similar. However, the values for HM were saturated at total equivalent ratio above  = 0.4 
while the values for AR increased according as total equivalence ratio higher. As a result, the 
combustor performance at high total equivalence ratio was superior to that for HM. According 
to the results of the mixing experiment and schlieren visualization, in the flow field of DI, 
mixing by the share layer was dominant in the fuel mixing process. In this flow field, the 
mixing performance for AR was better than that for HM because the aerodynamic interference 
between the shear layer and the fuel jet was more enhanced for AR. The results of mixing 
performance were reflected in the combustor performance. 
 
 
 
Fig. 2.14 Comparison between HM and AR of thrust coefficient increment. 
 
 
2.5. Conclusion 
 Experiments were performed to assess the performance of the proposed aeroramp 
injector to substitute the cantilevered type injector by comparing to the hypermixer injector.  
The new aeroramp injector featured replacing the physical wedge of the hypermixer injector 
with an aerodynamic wedge generated with four fuel jets. Combustion experiments and 
40 
 
non-reactive experiments were conducted. 
 In the combustion experiments, both injectors were exposed to Mach 2.5 cross flow 
of T0 = 2250 K, P0 = 1 MPa. Flow visualization showed that there were two types of flow 
fields, i.e. a pair of counter-rotating streamwise vortices or shear layer was formed in the 
wake flow of the injector. Wall pressure distributions showed that the former flow field 
occurred when the pressure downstream the injector was close to that without injection, and 
the latter flow field occurred when the pressure in the same region arose due to 
back-pressurizing. Comparison of the thrust coefficent increaments showed that the 
combustor performance with the aeroramp injector was closed to that with the hypermixer 
injector when the streamwise vortices were generated (the former flow field case).  
Furthermore, the combustor performance with the aeroramp injector was about 10% better 
than that with the hypermixer injector when the shear layer was formed in the vicinity of the 
injector. 
 In the cold flow experiments, various flow fields observed in the combustion 
experiments were reproduced using the flow plug. Aerodynamic probing and gas sampling 
were done to assess the pressure losses and the mixing performances on the two injectors. The 
obtained mass flux profiles with the aeroramp injector and the hypermixer injector showed 
that, fuel plumes showed a double-core shape with each injector without back pressure-rise, 
and the mixing by the streamwise vortices was dominant. The aeroramp injector had better 
fuel diffusion in the near field downstream of the injector. With the back pressure-rise, mixing 
by the share layer became dominant. The mass flux profiles with the aeroramp injector 
showed a larger overall area of fuel plume and faster decay rate of core area than those with 
the hypermixer injector. The variation of the pressure loss parameter,   in the flow direction 
showed no significant difference between both injectors in either non-back-pressurized or 
back-pressurized case. Comparison of the mixing efficiency showed that, when the mixing by 
the streamwise vortices was dominant, mixing efficiency with the aeroramp injector was 
better than the hypermixer injector in the near field downstream of the injector and was the 
same as that with the hypermixer injector in the far field downstream of the injector. When 
mixing by the share layer was dominant, mixing efficiency with the aeroramp injector was 
better than that with the hypermixer injector at all measurement cross-sections. 
 The new aeroramp injector could not only avoid the added drag and loss of thrust 
potential resulting from collapse of the injector shape by forming a hot spot, but also could 
obtain better fuel mixing and combustion performance than the hypermixer injector in the 
wider total equivalence ratio without the additional total pressure losses. 
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Chapter 3 
 
Performance Evaluation and Geometry Optimization of 
Hypermixer Injector with the Aerodynamic Wedge 
 
3.1. Introduction 
In Chap. 2, it was proposed to replace the physical wedges of the ‘hypermixer’ 
injector and/or the cantilever injector with the aerodynamic wedge, i.e., the fuel jets from the 
multi-orifices formed wedge-like obstacle aerodynamically. As for the alignment of the 
multi-orifices, four-orifices configuration proposed by Schetz et al. [3.1] was adopted. In 
comparison to the ‘hypermixer’ injector proposed and tested at JAXA, the currently proposed 
‘aeroramp’ injector showed better mixing and combustion performance in a wide operation 
range in terms of equivalence ratio. 
In hypersonic regime, ratio of available combustion heat against incoming flow 
enthalpy decreases with the flight speed, so that the engine performance should be reduced 
with the flight speed. Total pressure loss associated with fuel injection and mixing would 
reduce the thrust production in external nozzles located at the aft-part of the vehicle if any, 
while to utilize streamwise vortices inevitably increases the total pressure loss through 
increase in friction [3.2-3.4]. Fuel jet momentum should be used for thrust production in this 
regime, so that a lower injection angle to the airstream is preferable. Thus, fuel jet with the 
low injection angle should mix with airflow quickly to reduce the combustor length, and 
hence, the friction drag, however, a lower injection angle was reported to associate with 
slower mixing [3.5]. Thus, the injection angle should be optimized in balancing mixing and 
total pressure loss. By giving yaw angle, the aeroramp orifices alignment also reduces the 
contribution of the jet momentum to the thrust production. 
Other design parameters such as compression ramp design also should be optimized 
in balancing total pressure loss and combustion characteristics, as a higher contraction by the 
ramp results in a higher total pressure loss through shock waves, but in a shorter ignition 
delay and in a faster mixing through shock-shear layer interactions. 
In Chap. 2, above mentioned design optimizations were not performed, and the 
effects of the ramp design upon the combustor performance was not evaluated. The effects of 
the orifice design on the combustor performance were not evaluated yet, especially in the case 
with the orifices on the expansion ramp as in the present case. Thus, in the present chapter, 
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design parameters on the aeroramp injector proposed in the present study, were optimized in 
term of the combustor performances. The major optimizations were on 1) the ramp 
contraction, and 2) the orifice alignments. The perpendicular and swept-back orifice injectors 
on a flat plate were used as benchmark for performance comparison. 
Combustion experiments were performed, and the combustor performances such as 
combustion efficiency and thrust production, were evaluated using one-dimensional 
calculations. 
 
3.2. Descriptions on the Injector Designs. 
Figures 3.1 show the injector configurations used in this chapter. In all, seven 
injectors were used. In all figures, the airflow direction is from right to left. 
Figure 3.1(a) shows the baseline aeroramp model, termed as ‘AR4-SRin’ injector. 
This injector had a 10 degrees compression ramp and a 13.5 degrees expansion ramp against 
the compression ramp surface, located right downstream to the compression one. On the 
expansion ramp, there were three sets of the four-orifices designed after Ref. 3.1 with 
spanwise interval of 26 mm (note the whole duct width was 94.3 mm). The upstream two 
orifices had a taw-in angle of 15 degrees and swept-back angle of 30 degrees against the 
expansion ramp surface. The downstream two orifices had a taw-in angle of 30 degrees and 
swept-back angle of 50 degrees against the expansion ramp surface. The ramp height was 4.6 
mm (note the whole duct height was 51 mm). 
The injector shown in Fig. 3.1(b) had a larger ramp height of 9.2 mm and a larger 
expansion ramp angle of 16.8 degrees, with identical orifices’ alignment to the baseline 
‘AR4-SRin’ injector. This injector was termed as ‘AR4-LRin’ injector. The injector shown in 
Fig. 3.1(c) had no ramp, with identical orifices’ alignment to the baseline ‘AR4-SRin’ injector, 
angles in respect to the combustor wall. This injector was termed as ‘AR4-NR’ injector. 
Comparison between the ‘AR4-SRin,’ ‘AR4-LRin,’ and ‘AR4-NR’ injectors, was to evaluate 
the effects of the ramp on the combustor performances. 
The injector shown in Fig. 3.1(d) had identical ramp configuration to the 
‘AR4-LRin’ injector, with different orifices alignment, i.e., the upstream two orifices had a 
taw-out angle of 15 degrees and swept-back angle of 34 degrees against the expansion ramp 
surface. The downstream two orifices in the ‘AR4-LRin’ injector were replaced with a single, 
swept-back orifice at an angle of 52 degrees against the expansion ramp surface, having 
identical cross-section to the two orifices. This injector was termed as ‘AR3-LRout’ injector. 
Comparison between the ‘AR4-LRin’ and ‘AR3-LRout’ injectors was to evaluate the effects 
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of the orifice alignment on the combustor performance. 
The injector shown in Fig. 3.1(e) had identical ramp configuration to the 
‘AR4-SRin’ injector, with different orifices alignment, i.e., the four orifices in the ‘AR4-SRin’ 
injector were replaced with a single, swept-back orifice at an angle of 43 degrees against the 
expansion ramp surface, having identical cross-section to the four orifices of the baseline 
injector. This injector was termed as ‘OI-WR’ injector. Comparison between the ‘AR4-SRin’ 
and ‘OI-WR’ injectors was to further evaluate the effects of the orifice alignment on the 
combustor performance. 
The injectors shown in Fig. 3.1(f) had the traditional swept-back orifices having 
identical cross-section to the four orifices of the baseline injector, at a swept-back angle of 
33.5 degrees against the combustor wall. This injector was termed as ‘OI-NR’ injector. The 
injectors shown in Fig. 3.1(g) had the traditional perpendicular orifices having identical 
cross-section to the four orifices of the baseline injector. This injector was termed as ‘TI-NR’ 
injector. Comparisons of the ‘AR4-SRin’ injector with either ‘OI-NR’ or ‘TI-NR’ injector 
were to evaluate the effects of the present injector design on the combustor performance. 
 
 
 
 
(a) AR4-SRin 
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(b) AR4-LRin  
 
 
(c) AR4-NR  
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(d) AR3-LRout  
 
 
(e) OI-WR  
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(f) OI-NR  
 
 
(g) TI-NR  
 
Figures 3.1 Injector configurations  
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Except for the ‘TI-NR’ injector case, the injection angle against the combustor wall 
was so selected that the fuel jet momentum to the airflow direction were almost identical for 
the same fuel flow rate (and hence the equivalence ratio), if machinability was available. The 
fuel jet injection velocity (u) in the airflow direction was calculated as follows; 
 
             , (3.1) 
 
with      as mean injection angle to the airflow, and    as the fuel jet velocity. The mean 
injection angle was attained using taw angle      ，swept-back angle      , and ramp 
expansion angle       as follows; 
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                    , (3.4) 
 
          
   
 
 
    (3.5) 
where v is jet velocity in the spanwise direction and w is jet velocity in the height direction. 
For the multi-orifice cases with different taw and swept-back angle, the velocity components 
were multiplied with orifice cross-sections and then averaged. Table 3.1 summarized the 
injector configurations and the averaged swept-back angles. 
 
3.3. Test Apparatus and Measurements 
Figure 3.2 shows the test apparatus used in this chapter. The test apparatus was a 
blow-down type wind tunnel [3.6] with so-called vitiation heater to attain high enthalpy flow. 
Note that the apparatus was somehow different from the one used in Chap. 2. 
The combustor used in the present study was composed of an isolator, a constant 
cross-sectional combustor, and a diverging combustor, all with rectangular cross-sections. The 
injector blocks shown in Figs. 3.1 were inserted to the constant cross-sectional area combustor. 
The isolator was directly connected to the two-dimensional facility nozzle. The dimensions of 
the facility nozzle were 51 mm in height and 94.3 mm in width at its exit. As shown in the 
figure, the streamwise (x) coordinate was from the onset of the diverging combustor (defined 
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Table 3.1 Injector configuration 
 
 
as x = 0). Thus, the isolator started at x = -742 mm. The diverging combustor was 635 mm 
long, with half diverging angle of 1.72 mm in height direction, while the width was constant 
to be 94.3 mm. The resulting duct height at the exit of the diverging combustor was 89.1 mm. 
A high-enthalpy airflow with total temperature (T0) of 1970 ± 47 K (~ M7 flight 
condition), and total pressure (P0) of 0.96 ± 0.02 MPa, was supplied from a vitiation air heater 
and was accelerated to Mach 2.4 through the rectangular nozzle. The static pressure at the exit 
of the facility nozzle was about 0.059  P0. Gaseous hydrogen was used for vitiation, and 
gaseous oxygen was added to maintain the oxygen fraction of the vitiated airflow to be 21.0 ± 
1 vol.%. The vitiated airflow contained approximately 26 % water vapor in mole fraction. 
Flow rates of air, hydrogen and oxygen were monitored by either sharp-edge orifice 
flowmeters or sonic orifice flowmeters, and one-dimensional adiabatic calculation was 
conducted to evaluate temperature condition of the vitiated airflow. 
For combustion tests, gaseous hydrogen was also used. Choked orifices with 
difference diameters with remote-operating valves were connected to the downstream of a 
pressure regulate valve, and the fuel flow rate was changed in a step-wise manner within a run 
by switching the remote-operating valves. The consequent equivalence ratio was from 0.1 to 
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0.4, the flow rate also monitored by a sharp-edge orifice flowmeter. 
Wall pressure (Pw) was measured with electrical scanning-type pressure sensors 
(Pressure Systems, Inc., 15-PSIESP-64-HD, 45-PSIESP-64-HD, Scanning cycle 20 Hz). Their 
ranges were 0-100 kPa and 0-340 kPa and uncertainties were ± 0.1 % of full scales. As fuel 
flow rate was switched by every two seconds, only the case with stable wall pressure for more 
than 1.5 seconds in the constant cross-sectional combustor was used in the present study. To 
mitigate effects of run-to-run deviation of the test conditions on the wall pressure distributions, 
measured wall pressure was normalized with measured total pressure of the incoming flow 
(P0). As the wall pressure distributions on the injector-side and opposite-side walls showed 
little discrepancies within the diverging section, those on the injector-side wall were shown 
and were used for the following data reduction in the present study. Wall pressures in the 
combustion region fluctuated by 1.7 % of local Pw/P0. Uncertainty with variance of the test 
conditions was estimated to be ± 2 % in local Pw/P0. So, the overall uncertainty in wall 
pressure measurement was estimated to be ± 2.8 %. 
The measured pressure distributions were integrated to calculate pressure thrust 
generated in the diverging section. Flow-states and skin friction at each measurement location 
were calculated with a quasi-one-dimensional analysis method (see reference 3.7 for details), 
and net thrust was calculated by subtracting the estimated friction force from the integrated 
pressure thrust. Thrust increment due to injection and combustion was evaluated by 
subtracting the net thrust without fuel injection from that with fuel injection [3.8]. In low 
equivalence ratio cases including fuel-off case, the measured Pw distribution was not suitable 
to directly calculate the pressure thrust, because the flow was separated at the exit of the 
combustor. In these cases, the pressure distribution upstream of the separation point was 
curve-fitted with the Crocco equation (pA
/-1
, Ref. 3.9) to give an imaginary pressure 
distribution without the separation for the pressure integration. The thrust increment was then 
normalized by total pressure (P0) and cross sectional area at the entrance of the combustor (Ai). 
Uncertainty in the thrust increment was estimated to be about ± 7 %, based on that of the 
pressure measurement. Combustion efficiency at the exit of the combustor was also calculated 
by using the one-dimensional analysis, however, the uncertainty was reported as large as 15% 
[3.7]. 
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Table 3.2 Injector configurations for evaluation tests of one-dimensional analysis [3.7]  
 
Table 3.3 Summary on evaluation of one-dimensional analysis [3.7]  
 
 
Figures 3.4 Schematics of test apparatus for evaluation of one-dimensional analysis [3.7] 
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3.4. Results and Discussions 
Design parameters on the aeroramp injector, such as ramp height and orifice 
alignment were varied to optimize its design. First, the baseline aeroramp (AR4-SRin) 
injector was compared to the conventional injectors such as perpendicular injector and/or 
swept-back injector. Then, the ramp height was varied to evaluate its effects on the combustor 
performance. Finally, the orifice alignments were varied for further modification. 
 
3.4.1. Comparison between Baseline Aeroramp Injector and Conventional 
Perpendicular / Swept-Back Injectors 
In this section, the baseline aeroramp injector was compared to the conventional 
perpendicular and swept-back injectors, to evaluate the effectiveness of the aeroramp design, 
especially in terms of thrust performance. 
Figure 3.5(a) compares wall pressure distributions with the OI-NR, TI-NR, and 
AR4-SRin injectors at total equivalence ratio of 0.27. The distribution with x symbols is the 
one without fuel injection for the AR4-SRin injector. Peak pressures around x = 100 mm and 
350 mm were incidence of a shock wave from the leading edge of the compression ramp and 
incidence of a recompression shock wave from the trailing edge of the expansion ramp. 
In every case, pressure recovery through shock train was observed within the 
constant cross-sectional area combustor and the isolator. Peak pressure due to the pressure 
recovery was highest with the TI-NR injector and lowest with the AR4-SRin injector. Within 
the diverging combustor, pressure level was almost the same regardless of the injector 
configuration for x = 0 ~ 300 mm, however, at downstream of the recompression shock wave 
incidence, pressure level was slightly higher with the AR4-SRin injector than with others. 
Figure 3.5(b) compares one-dimensionally deduced Mach number distributions with 
the OI-NR, TI-NR, and AR4-SRin injectors at total equivalence ratio of 0.27. In the cases 
with the OI-NR and TI-NR injectors, Mach number was lower than unity around the peak 
pressure locations, showing that so-call ramjet-mode combustion (i.e., the flow decelerated to 
subsonic speed through the shock train in prior to heat release, and subsonic combustion 
occurred to choke the flow) took place. On the other hand, Mach number was 0.86 at the peak 
pressure location in the case with the AR4-SRin injector, showing that clear transition to the 
ramjet-mode combustion did not take place. 
One dimensionally deduced combustion efficiency at the exit of the constant 
cross-sectional area combustor was 0.76, 0.82, and 0.89 with the OI-NR, TI-NR, and 
AR4-SRin injectors, respectively. Peak pressure with the TI-NR injector was higher than that 
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(a) Normalized pressure distributions  
 
 
(b) Deduced Mach number distributions  
 
Figures 3.5 Comparison of pressure and Mach number distributions 
between OI-NR and TI-NR with AR4-SRin injectors, = 0.27  
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with the OI-NR injector, due to the higher combustion efficiency. On the other hand, a lower 
peak pressure and a shorter penetration of the shock train were observed with the AR4-SRin 
injector despite the hither combustion efficiency. Thrust on the expansion ramp increased 
momentum to the flow, resulting in the lower pressure-rise as follows: In the ramjet-mode 
combustion, penetration of the shock train reduced the friction loss and increased the total 
pressure at the thermally choked location [3-11]. Combustion tests within diverging ducts 
showed that shock train length was shorter with larger diverging angle, as the thrust force on 
the diverging surface increased the momentum of the airflow with penetration of the shock 
train, equivalent to further reduction in friction with further penetration [3-12]. In the present 
case, higher pressure was on the expansion ramp than on the compression ramp, so that the 
ramp produced thrust force and increased momentum of the airflow. This resulted in a lower 
peak pressure, and consequently. a shorter shock train length requirement. Pressure level at 
the exit of the constant cross-sectional area combustor was almost identical regardless of the 
injection configuration, so it was within the former half of the diverging combustor (x=0 ~ 
300mm) as reaction within the diverging section was almost frozen due to expansion within. 
In the case with the AR4-SRin injector, pressure-rise was observed with the latter half of the 
diverging combustor because the oblique shock wave from the ramp traveled downstream 
within the supersonic flow in this condition to cause shock induced combustion at its incident 
location. 
Figure 3.6(a) compares wall pressure distributions with the OI-NR, TI-NR, and 
AR4-SRin injectors at total equivalence ratio of 0.32. The peak pressure within the constant 
cross-sectional area combustor was highest with the TI-NR injector, and the shock train 
penetrated into the facility nozzle. In comparison between TI-NR and AR4-SRin injectors, the 
shock train was shorter with the AR4-SRin injector, although there was almost no difference 
in peak pressure. In the diverging combustor, pressure distributions with the TI-NR and 
AR4-SRin injectors were almost identical. The pressure rise of OI - NR was the lowest whole 
the combustor. 
Figure 3.6(b) compares one-dimensionally deduced Mach number distributions with 
the OI-NR, TI-NR, and AR4-SRin injectors at total equivalence ratio of 0.32. In the cases 
with the TI-NR and AR4-SRin injectors, ramjet-mode combustion was attained. On the other 
hand, pressure level with the OI-NR injector was lower than with the other two injectors, with 
the minimum Mach number close to unity. One dimensionally deduced combustion efficiency 
at the exit of the constant cross-sectional area combustor was 0.60, 0.67, and 0.75 with the 
OI-NR, TI-NR, and AR4-SRin injectors, respectively. At rather high equivalence ratio, the 
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(a) Normalized pressure distributions  
 
 
(b) Deduced Mach number distributions  
 
Figures 3.6 Comparison of pressure and Mach number distributions 
between OI-NR and TI-NR with AR4-SRin injectors, = 0.32  
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combustion performance with the OI-NR injector was inferior to those with the other two 
injectors. Again, peak pressure level was lower and the shock train was shorter with the 
AR4-SRin injector than those with the TI-NR injector due to the thrust production 
(momentum addition to the airflow) by the ramp in the former case also at  = 0.32． 
Figure 3.7 shows the variations of combustor’s thrust increment against total 
equivalence ratio. Open symbols in the figure denote data without contribution of fuel jet 
momentum to the thrust in the case with the OI-NR and AR4-SRin injectors, while the solid 
symbols denote data with the contribution being accounted. Note that no contribution was 
expected for the TI-NR injector case. All data were normalized with the airflow dynamic 
pressure and cross-sectional area at the entrance of the combustor. 
Without the contribution of the fuel jet momentum, TI-NR and AR4-SRin injectors 
showed close performance at  = 0.27 ~ 0.32. In comparison, the OI-NR injector showed 
lower thrust performance to the AR4-SRin injector, and close performance to the TI-NR 
injector due to the contribution of the fuel jet momentum at  = 0.27 ~ 0.32. At total lower 
equivalence regime, the OI-NR injector showed lesser performance to the other two injectors. 
With the contribution of the fuel jet momentum, the AR4-SRin injector showed better 
performance that the conventional perpendicular injector. 
Fuel jets with the OI-NR and AR4-SRin injectors had almost identical velocity in 
height (z) direction, however, airflow velocity in –z direction along the expansion ramp and 
jet’s spanwise velocity due to the aeroramp injection strengthened the streamwise vortices, so 
that the AR4-SRin injector showed better mixing performance than the OI-NR injector. 
The TI-NR injector caused larger velocity in Z direction than the AR4-SRin injector, 
so that generation of more intensive streamwise vortices was expected within the TI-NR 
injector, should result in better mixing performance. However, past studies showed that the 
perpendicular injector did not produce more intensive streamwise vortices that other injectors. 
For example, McClinton et al [3.13], examine the effects of injection angle (30 ~ 90 degrees) 
on fuel jet penetration to show that a larger swept-back angle resulted in a higher penetration 
in further downstream locations. This result implied that the larger swept-back angle resulted 
in more intensive streamwise vortices. In the present study, the TI-NR injector (injection 
angle of 90, i.e., swept-back angle of 0 degrees) showed slightly better combustion efficiency 
than the OI-NR injector (injection angle of 34 degrees), the difference being 6 ~ 7 points. On 
the other hand, the AR4-SRin injector showed 15 points higher combustion efficiency than 
the OI-NR injector the downwash along the expansion ramp being major cause of generation 
of more intensive streamwise vortices. 
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The existence of the ramp, however, would result in a larger total pressure loss due 
to shock wave generation, so that the thrust production in the following nozzle section would 
be deteriorated. To evaluate the effects of the injection configuration on the nozzle thrust, 
one-dimensional calculation was continued into a 1 m-long imaginary nozzle section with 5 
degrees half-diverging angle. The resulting expansion ratio within the nozzle was 3.0. 
 
 
 
Figures 3.7 Comparison of thrust increment within combustor 
between OI-NR and TI-NR with AR4-SRin injectors  
 
 
Figure 3.8 shows thrust performance with the nozzle thrust added (i.e., combustor 
and nozzle thrust), in terms of specific impulse. In comparison to Fig. 3.7, friction drag in 
both combustor and nozzle was evaluated with the one-dimensional analysis, and then taken 
into account. Open and close symbols denote the same as in Fig. 3.7. Through the equivalence 
ratio range in the present study, the AR4-SRin injector showed best thrust production. Thus, 
total pressure loss due to the installation of the ramp and associated shock wave generation 
was cancelled out by thrust production on the expansion ramp and higher combustion 
efficiency due to this injector configuration. 
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Figure 3.8 Comparison of thrust within combustor and imaginary nozzle 
between OI-NR and TI-NR with AR4-SRin injectors  
 
 
3.4.2. Effects of Ramp Height on Performance of Aeroramp Injector 
In the last section, the installation of the ramp was found to be beneficial not only 
for combustion enhancement, but also for thrust production. In this section, the effects of the 
ramp dimension, namely the ramp height, on the combustion and thrust performance were 
evaluated, with identical orifice alignment to the baseline one. For that, the ramp height was 
doubled (the ‘AR4-LRin’ injector, Fig. 3.1(b)) or removed (the ‘AR4-NR’ injectors, Fig. 
3.1(c)) in comparison to the baseline one (the ‘AR4-SRin’ injector, Fig. 3.1(a)). 
Figure 3.9 compares the wall pressure distributions for three ramp configurations 
without fuel injection. Pressure distributions were almost identical around the ‘AR4-NR’ and 
‘AR4-SRin’ injectors. Thick boundary layer (about 12 mm with one-dimensional estimation) 
would cover the small ramp height (4.6 mm) to form similar pressure distribution to the one 
without ramp. However, pressure rise at x = 300 ~ 400 mm due to the incidence of the shock 
wave originated around the ramp was visible in the case with the ‘AR4-SRin’ injector, so that 
the ramp wedge still had aerodynamic effectiveness. With the larger ramp height, decrease in 
pressure on the expansion ramp and pressure recovery due to the recompression shock wave 
from the trailing edge of the expansion ramp were both visible. Pressure rise at x = 300 ~ 400 
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mm due to the incidence of the shock wave originated around the ramp was also visible in the 
case with the ‘AR4-LRin’ injector. 
 
 
 
 
Figure 3.9 Comparison of pressure distributions 
with various ramp height without fuel injection 
 
 
Figure 3.10(a) compares wall pressure distributions with the AR4-NR, AR4-SRin, 
and AR4-LRin injectors at total equivalence ratio of 0.12. The “x” symbols in the figure were 
data without fuel injection with the AR4-SRin injector. For both AR4-NR and AR4-SRin 
injectors, pressure rise due to combustion was observed within the diverging combustor, not 
within the constant cross-sectional area combustor. On the other hand, pressure rise was 
observed within the constant cross-sectional area combustor for the AR4-LRin injector, and 
pressure monotonously decrease in the diverging combustor for duct expansion. 
Figure 3.10(b) compares one-dimensionally deduced Mach number distributions 
with the AR4-NR, AR4-SRin, and AR4-LRin injectors at total equivalence ratio of 0.12. With 
all injectors, mean flow remained supersonic, i.e., scramjet-mode combustion was attained.  
At this low equivalence ratio condition, fuel to airflow dynamic pressure ratio was 
0.63, 0.64, and 0.62, for the AR4-NR, AR4-SRin, and AR4-LRin injectors, respectively. The 
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dynamic pressure ration was less than unity for all injectors, and fuel jet penetration was so 
limited to be within the boundary layer flow, and streamwise vortices generation was 
supposed to be very weak. Moreover, estimating the displacement thickness of the boundary 
layer at the injector position by one-dimensional analysis, its thickness was about 2 to 3 mm. 
Also in the case with the AR4-SRin injector, the ramp height was close to the boundary layer 
height, so that the ramp installation did not result in generation of wedge and recompression 
shock waves with sizable strength. In the case with the AR4-LRin injector with the three 
times higher ramp height than the displacement thickness of the boundary layer, on the other 
hand, the wedge and recompression shock waves were present. The recompression shock 
wave from the trailing edge of the expansion ramp would collide with the fuel jet to enhance 
mixing by generating so-called baroclinic torque [3.14] and formed high- temperature region 
to accelerate reaction. Thus, the high-pressure and temperature region due to the 
recompression shock wave acted favorable for ignition in the case with the AR4-LRin injector, 
however, the recompression was not sufficient in the case with the AR4-SRin injector, 
resulting in longer ignition delay equivalent to that in the case with the AR4-NR injector. 
Figures 3.11(a) and 3.11(b) compare wall pressure and deduced Mach number 
distributions, respectively, with the AR4-NR, AR4-SRin, and AR4-LRin injectors at total 
equivalence ratio of 0.23. Again, the pressure distributions with the AR4-NR and AR4-SRin 
injectors were almost identical, with pressure rise taking place at X= -300 mm, about 100 mm 
upstream of the injector location. In the diverging combustor, pressure monotonously 
decreased due to the duct expansion. Mean flow remained supersonic with both injectors, and 
the pressure distributions were similar to those in the case with combined choking shown in 
Chap. 2. This combined choking condition appeared in transition from the scramjet-mode 
combustion to the ramjet-mode combustion, was unique to the present injector configuration 
with the compression and expansion ramps installed in series. In the case with the AR4-LRin 
injector, on the other hand, a higher peak pressure and a longer penetration length of the 
shock train were observed. Mean flow Mach number was below unity, so that ramjet-mode 
combustion was attained. 
At this equivalence ratio condition, fuel to airflow dynamic pressure ratio was 1.2, 
1.2, and 1.0, for the AR4-NR, AR4-SRin, and AR4-LRin injectors, respectively. The dynamic 
pressure ration was about unity for all injectors, and fuel jet penetration was not still sufficient 
to cause strong enough streamwise vortices governing mixing process. Thus, the flow fields 
should be similar to those at =0.12, and the AR4-LRin injector with the high ramp showed 
higher combustion pressure due to the combustion enhancement and higher total pressure 
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losses by the recompression shock wave, with lower equivalence ratio for the transition to the 
subsonic combustion mode. Also, the fuel jet was injected into the boundary layer flow in this 
case. The AR4-NR and AR4-SRin injectors showed lower peak pressure level and shorter 
shock train penetration, with fuel jet trapped within the boundary layer flow. Thus, also at this 
equivalence ratio, the AR4-LRin injector showed better performance than the other two 
injectors. 
Figures 3.12(a) and 3.12(b) compare wall pressure and deduced Mach number 
distributions, respectively, with the AR4-NR, AR4-SRin, and AR4-LRin injectors at total 
equivalence ratio of 0.32. At this equivalence ratio, peak pressures with all injectors were 
almost identical. Penetration length of the shock train with AR4-LRin was longer than that of 
other injectors. Mean Mach number was less than unity in all cases, showing occurrence of 
the ramjet-mode combustion. Thus, at high equivalence regime with the ramjet-mode 
combustion, installation of the ramp resulted in no clear difference for combustion 
performance. The expansion ramp was to induce downwash of the airflow to increase the 
velocity difference in the height direction to strengthen the streamwise vortices. However, in 
the subsonic combustion mode, the airflow was decelerated through the shock train and 
further decelerated through the diffusion within the expansion ramp section, so that the 
velocity difference was reduced than in the supersonic combustion mode. Thus, generation of 
the streamwise vortices was not affected by the installation of the ramp in the subsonic 
combustion mode. 
Figure 13 shows variation of thrust production on the ramp surface against fuel 
equivalence ratio. Negative value on the vertical axis means drag production and positive one 
means thrust production. Data with the AR3-LRout injector, to be discussed in the next 
section, were also shown in the figure. With all AR4-SRin, AR4-LRin, and AR3-LRout 
injectors, drag was produced at low equivalence ratio, and thrust was produced with increase 
in the equivalence ratio. With further increase in the equivalence ratio, thrust approached to 
zero. At low equivalence ratio, pressure rise due to combustion did not produce sufficient 
thrust upon the expansion ramp surface because it could not overcome the drag on the 
compression ramp surface. With increase in the equivalence ratio, pressure on the expansion 
ramp surface increased to overcome the drag on the compression surface. In this case, shock 
train was contained in the expansion ramp section as the produced thrust increased the flow 
momentum to reduce the shock train penetration. With further increase in the equivalence 
ratio, the shock train penetrated the ramp section and pressure difference on the compression 
and expansion ramp surfaces reduced, resulting in less thrust production. As the pressure  
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(a) Normalized pressure distributions  
 
 
(b) Deduced Mach number distributions  
 
Figures 3.10 Comparison of pressure and Mach number distributions 
between AR4-NRin, AR4-SRin, and AR4-LRin injectors, = 0.12  
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(a) Normalized pressure distributions 
 
 
(b) Deduced Mach number distributions 
 
Figures 3.11 Comparison of pressure and Mach number distributions 
between AR4-NRin, AR4-SRin, and AR4-LRin injectors,  = 0.23  
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(a) Normalized pressure distributions  
 
 
(b) Deduced Mach number distributions  
 
Figures 3.12 Comparison of pressure and Mach number distributions 
between AR4-NRin, AR4-SRin, and AR4-LRin injectors, = 0.32  
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gradient in the streamwise direction around the peak pressure location (usually observed 
around the injector location) became smaller with further penetration of the shock train, thrust 
production by the ramp approached to zero. The range in the equivalence ratio with thrust 
production was = 0.2 ~ 0.3 in the cases with the large ramp (i.e., with the AR4-LRin and 
AR3-LRout injectors), and  = 0.3 ~ 0.5 in the cases with the baseline ramp (i.e., with the 
AR4-SRin injector). A higher ramp resulted in a smaller equivalence ratio for transition to the 
ramjet-mode combustion. 
 
 
 
Figure 3.13 Comparison of thrust on compression and expansion ramp 
between AR4-NRin, AR4-SRin, and AR4-LRin injectors.  
 
 
Figure 3.14 compares thrust increments with the AR4-NR, AR4-SRin, and 
AR4-LRin injectors. All data were normalized with the airflow dynamic pressure and 
cross-sectional area at the entrance of the combustor. Thrust increments in the cases with the 
AR4-NR and AR4-SRin injectors were almost identical, so that small ramp could not have 
sizable effects on the thrust performance. The AR4-LRin injector with large ramp resulted in a 
larger thrust increment at around  = 0.24, i.e., at transition from the scramjet-mode 
combustion to the ramjet-mode combustion. In all injector cases, variation of thrust increment 
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against equivalence ratio was almost in linear manners.  
Downwash flow along the expansion ramp in the case with the AR4-SRin injector 
was expected to be as slow as AR4-NRin due to the ramp height that could not overcome the 
boundary layer displacement thickness. On the other hand, the high ramp in the case with the 
AR4-LRin injector above the boundary layer flow generated both the downwash for 
enhancing the streamwise vortices and recompression shock wave to further enhance mixing. 
Furthermore, pressure unbalance on the compression and expansion ramp surfaces during the 
transition acted favorable for thrust production. In summary, the ramp height should be 
sufficiently larger than the boundary layer thickness. 
 
 
 
Figure 3.14 Comparison of thrust increment within combustor 
between AR4-NRin, AR4-SRin, and AR4-LRin injectors.  
 
 
Figure 3.15 shows thrust performance in the imaginary nozzle alone, in terms of 
specific impulse. Friction drag in the nozzle was also taken into account. Specific impulse 
decreased rapidly with the equivalence ratio toward constant values of 2000~2500 seconds 
depending on the injector configuration at  = 0.2 ~ 0.3 and beyond. One should note that 
data in Fig. 3.15 was for the imaginary nozzle alone, and thrust in the combustor and drag due 
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to flow compression (i.e., drag within upstream inlet section) was not taken into account. At 
the equivalence ratio larger than 0.2, a larger ramp resulted in a higher nozzle Isp (and thus, 
thrust). At the equivalence ratio less than 0.2, both AR4-NR and AR4-SRin injectors resulted 
in close nozzle Isp. The AR4-LRin injector resulted in slightly different variation than the 
other two, the maximum deviation being about 14 %. 
Between the AR4-NR and AR4-SRin injectors, both combustor thrust increment 
and nozzle thrust in terms of Isp were almost the same. The latter shows that the total pressure 
loss within the combustors was almost the same in both cases, so that installation of the 
baseline wedge had little effects on total pressure loss and the consequent thrust production 
through expansion. Again, the thick boundary layer covered the ramp tomitigate its effects on 
mixing enhancement. On the other hand, nozzle thrust in terms of Isp was lower for the 
AR4-LRin injector in comparison to the other two at total equivalence ratio less than 0.2, 
while the combustor thrust increment was largest among all. This means that the AR4-LRin 
injector led to a larger total pressure loss within the combustor, leading to the larger 
combustor thrust but lower nozzle thrust. Thus, the installation of the large ramp (contraction 
 
 
 
Figure 3.15 Comparison of thrust within imaginary nozzle 
between AR4-NRin, AR4-SRin, and AR4-LRin injectors 
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up to 1.56) had sizable effects on the thrust production of engines through the associated total 
pressure loss. At larger equivalence ratio than 0.2, on the other hand, nozzle thrust (in terms of 
Isp) with the AR4-LRin injector was close to those with other two, with deviation less that 
14%. With penetration of the shock train over the ramp, shock wave generation due to the 
airflow-ramp interaction was no longer sizable, and total pressure loss due to the ramp 
installation was mitigated. 
 
3.4.3. Effects of Orifice Alignments on Performance of Aeroramp Injector 
In this section, orifice alignments were changed to evaluate its effects on 
combustion and thrust production. Specifically, the AR4-SRin and OI-WR injectors with the 
baseline ramp were compared, and the AR4-LRin and AR3-LRout injectors with the larger 
ramp were compared. Note that the AR4-SRin and AR4-LRin injectors had the identical 
orifice alignment. 
The OI-WR injector was to replace the four-orifices with a common swept-back 
orifice. This injector was prepared to evaluate the effect of the four-orifices alignment on fuel 
mixing performance. The AR3-LRout injector was to modify the mixing performance of the 
four-orifices configuration. The configuration determination of this injector was based on the 
description below. In preliminary experiments, the OI-WR injector showed better 
performance than the AR4-SRin injector at some occasions, so that a larger swept-back orifice 
was expected to work better than the downstream two orifices. The upstream two orifices 
were preserved as pilot injectors upstream of the main injector was found to increase the 
penetration of the main jet into the airflow as the bow-shocks from these pilot injectors 
formed a free pass for the main jet in the previous study by Ishibe et al. [3.15] Furthermore, in 
another previous study, it was shown that yaw-out alignment worked better than the yaw-in 
alignment, so that yaw-out angle was given to the upstream two orifices [3.16]. In the 
supersonic flow, it was considered that the yaw angle of injection alleviates the 
compressibility of the shear layer between the fuel jet and the main flow, and as a result, the 
fuel/Air mixing was enhanced. Therefore, yaw-out alignment considered to distribute the fuel 
more widely in the cross section than yaw-in alignment was adopted. 
Figure 3.16(a) compares wall pressure distributions with the AR4-SRin, OI-WR, 
AR4-LRin, and AR3-LRout injectors at total equivalence ratio of 0.12. Pressure variation was 
rather due to the ramp height, not by the orifice alignment. That is, no sizable pressure rise 
due to combustion was attained in the constant cross-sectional area combustor with the 
baseline ramp (i.e., with the AR4-SRin and OI-WR injectors), while it was observed within 
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the diverging combustor. On the other hand, it was observed within the constant 
cross-sectional area combustor with the large ramp (i.e., with the AR4-LRin and AR3-LRout 
injectors). The effectiveness of the high ramp on the mixing and combustion was already 
noted in section 3.4.2. Note that the recompression shock wave also could enhance reaction 
through elevated pressure and temperature. Figure 3.16(b) compares one-dimensionally 
deduced Mach number distributions with the AR4-SRin, OI-WR, AR4-LRin, and AR3-LRout 
injectors at total equivalence ratio of 0.12. In all cases, mean flow remained supersonic 
throughout the combustor. In summary, orifice alignment of small ramp (AR4-SRin v.s. 
OI-WR) and large ramp (AR4-LRin v.s. AR3-LRout) had little effects on heat release and 
pressure rise at this very low fuel equivalence ratio, respectively. 
Figure 3.17(a) compares wall pressure distributions with the AR4-SRin, OI-WR, 
AR4-LRin, and AR3-LRout injectors at total equivalence ratio of 0.22. The AR4-SRin and 
OI-WR injectors showed almost identical pressure distributions, a certain pressure rise in the 
constant cross-sectional area combustor and monotonous decrease in the diverging combustor 
due to the duct expansion. The AR4-LRin injector showed largest pressure rise and longest 
shock train penetration among these four injectors. Pressure distributions within the diverging 
combustor were almost identical for AR4-SRin, OI-WR, and AR4-LRin injectors. On the 
other hand, the AR3-LRout injector showed lowest pressure level both in the constant 
cross-sectional area combustor and the diverging combustor, showing inferior combustion 
performance at this equivalence ratio. Figure 3.17(b) compares one-dimensionally deduced 
Mach number distributions with the AR4-SRin, OI-WR, AR4-LRin, and AR3-LRout injectors 
at total equivalence ratio of 0.22. Mean flow Mach numbers with the AR4-SRin, OI-WR, and 
AR3-LRout injectors were slightly above unity but decrease in pressure toward the exit of the 
constant cross-sectional area combustor showed feature of subsonic combustion. With the 
AR4-LRin injector, least mean Mach number was 0.95. Thus, flow fields at this equivalence 
ratio were under transition condition from scramjet-mode combustion to the ramjet-mode 
combustion. In Chap. 2, it was shown that a large-scale separation covered the whole 
expansion ramp, and mixing efficiency was reduced. The sizable difference between the cases 
with the AR4-LRin and AR3-LRout injectors showed that the orifice alignment could have 
sizable effects upon combustion performance at the transition condition. 
Figures 3.18(a) and 3.18(b) compare wall pressure and deduced Mach number 
distributions, respectively, with the AR4-SRin, OI-WR, AR4-LRin, and AR3-LRout injectors 
at total equivalence ratio of 0.28. In Fig. 3.18(a), shock train penetrated the injector location 
with the deduced Mach number below unity in all cases. Thus, in this condition, ramjet-mode  
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(a) Normalized pressure distributions 
 
 
(b) Deduced Mach number distributions 
 
Figures 3.16 Comparison of pressure and Mach number distributions 
between AR4-SRin, AR4-LRin, AR3-LRout, and OI-WR injectors, = 0.12  
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(a) Normalized pressure distributions  
 
 
(b) Deduced Mach number distributions 
 
Figures 3.17 Comparison of pressure and Mach number distributions 
between AR4-SRin, AR4-LRin, AR3-LRout, and OI-WR injectors, = 0.22  
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(a) Normalized pressure distributions  
 
 
(b) Deduced Mach number distributions  
 
Figures 3.18  Comparison of pressure and Mach number distributions 
between AR4-SRin, AR4-LRin, AR3-LRout, and OI-WR injectors, = 0.28 
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combustion occurred at this equivalence ratio. At this equivalence ratio, the AR3-LRout 
injector showed highest peak pressure within the constant cross-sectional area combustor and 
longest shock train penetration, which was quite contrary to the results shown in Figs. 3.17. In 
contrast, the AR4-LRin injector showed lowest peak pressure among all injectors, however, 
the difference in the peak pressure in comparison to the AR3-LRout injector was about Pw/P0 
= 0.03, less than the estimated error. Thus, once ramjet-mode combustion was attained, orifice 
alignment had little effects on the pressure level. 
Figure 3.19 compares thrust increments with the AR4-SRin, OI-WR, AR4-LRin, 
and AR3-LRout injectors. All data were normalized with the airflow dynamic pressure and 
cross-sectional area at the entrance of the combustor. At equivalence ratio less than 0.2, 
scramjet-mode combustion took place, and little difference on the increment due to injection 
configuration was observed. This, in turn, showed that there were little differences in mixing 
performance between the AR4-SRin and OI-WR injectors or between the AR4-LRin and 
AR3-LRout injectors. At equivalence ratio of 0.2~0.3, the AR4-SRin injector showed lower 
thrust increment than the OI-WR injector, while the AR4-LRin injector showed close thrust 
increment to the AR3-LRout injectors. At equivalence ratio greater than 0.3, the OI-WR 
injector, showed largest thrust increment among all injectors. 
 
 
Figure 3.19 Comparison of thrust increment 
between AR4-SRin, AR4-LRin, AR3-LRout, and OI-WR injectors.  
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Figure 3.20 compares the variation of combustor net thrust in terms of Isp against 
fuel equivalence ratio with the AR4-SRin, OI-WR, AR4-LRin, and AR3-LRout injectors. Skin 
friction deduced from the one-dimensional analysis was subtracted from the pressure thrust 
based on measured pressure integration. The net thrust increased with fuel equivalence ratio 
and reached to a plateau at equivalence ratio of more than 0.3. The OI-WR injector showed 
slightly better performance than the AR4-SRin injector, in whole equivalence ratio range. 
There was no clear difference between the performance of AR4 - LRin and AR3 - LRout 
injectors. 
 
 
Figure 3.20 Comparison of combustor thrust (Isp) between 
AR4-SRin, AR4-LRin, AR3-LRout, and OI-WR injectors.  
 
 
Figure 3.21 shows thrust performance in both the combustor and the imaginary 
nozzle, in terms of specific impulse with the AR4-SRin, OI-WR, AR4-LRin, and AR3-LRout 
injectors. Friction drag in the combustor and the nozzle was also taken into account. At low 
equivalence region, the AR4-SRin injector showed higher Isp than the OI-WR injector, quite 
unexpectedly, as the installation of the ramp would lead to further total pressure loss and 
consequent lower nozzle thrust. Higher combustor Isp with the OI-WR in injector than the 
AR4-SR injector in Fig. 3.20 showed that fuel/air mixing and heat release were more 
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intensive with the OI-WR injector, reading to larger total pressure loss. The nozzle Isp of the 
OI-WR injector was inferior to AR4-SRin at the low equivalence ratio (in the supersonic 
combustion flow), and the difference between the AR4-SRin and OI-WR injector became 
small with equivalence ratio. The AR3-LRout injector showed lower nozzle Isp than the 
AR4-LRin injector throughout the fuel equivalence ratio in the present study. This was 
controversial to the case with baseline ramp height (with the AR4-SRin and OI-WR injectors), 
as the AR3-LRout injector also showed lower combustor Isp as shown in Fig. 3.20. 
 
 
 
Figure 3.21 Comparison of thrust within combustor and imaginary nozzle 
between AR4-SRin, AR4-LRin, AR3-LRout, and OI-WR injectors 
 
 
3.4.4. Consideration of Flow Field about Performance Change of Aeroramp Injector due 
to Differences of Orifice Alignments 
At equivalence ratio of 0.2 or less, fuel to airflow dynamic pressure ratio was very 
low, and its value is less than unity. In this condition, penetration of the fuel jet into the main 
flow was suppressed. Fuel was taken into the boundary layer, therefore, fuel mixing was 
dominated by diffusion in the boundary layer and fuel mixing enhancement by introduction of 
artificial streamwise vortices did not occur. However, complete combustion was attained in 
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the combustor because the amount of fuel injected into the boundary layer was very small. 
Focusing on AR4-SRin injector, in such mixing field, since individual injection orifice 
diameter was smaller than OI-WR injector, individual fuel jets are trapped in the boundary 
layer and the fuel jet were not exposed to the supersonic flow of the mainstream, and as a 
result, the total pressure loss due to fuel/air mixing was very small. On the other hand, in 
OI-WR injector, since scale of fuel jet was larger than AR4-SRin injector due to larger 
injection orifice diameter, the fuel jet of OI-WR injector penetrated into mainstream better 
than that of AR4-SRin injector. Cohen et al. has been proposed an equation to evaluate the 
Mach disk height of the fuel jet as shown below [3-17], 
 
 
          
  
 
  
         
   
    
                       
                       
  
(3.6) 
 
In this condition, evaluating the top height of Mach disk by this equation, the top height of the 
AR4-SRin injector was       1.5 mm and the OI-WR injector was          mm. The 
displacement thickness of the boundary layer at the injector position estimated by 
one-dimensional analysis was about 2 to 3 mm, so that the fuel jets of the OI-WR injector 
could exist in the mainstream side and that of the AR4-SRin injector was covered by the 
boundary layer. As a result, it seems that the fuel jet of OI-WR injector passed the boundary 
layer, therefore, it is thought that streamwise vortices were generated in the mainstream and 
fuel mixing was enhanced. As one of additional evidence for this consideration, one 
dimensionally deduced combustion efficiency at the exit of the constant cross-sectional area 
combustor was 0.39 and 0.79 with the AR4-SRin and OI-WR injectors, respectively. In 
OI-WR injector, instead of improving fuel penetration at such a low fuel equivalence ratio, 
the fuel jet was directly exposed to supersonic flow of mainstream. Therefore, the total 
pressure loss increases more than AR4-SRin injector. As a result, at low equivalence region, 
the AR4-SRin injector showed higher nozzle Isp than the OI-WR injector. In AR4-LRin and 
AR3-LRout injectors, fuel mixing was dominated by diffusion in the boundary layer due to 
very low fuel to airflow dynamic pressure ratio. The characteristic of the flow field of 
AR4-LRin and AR3-LRout injectors in comparison with AR4-SRin and OI-WR was that a 
recompressed shock wave was generated at the trailing edge of the expansion ramp of 
injectors. The effect of this oblique shock wave strongly appeared on fuel/air mixing 
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enhancement, so it is considered that the difference in mixing performance due to the 
difference between AR4-LRin and AR3-LRout orifice alignments could not be found. 
Moreover, AR3-LRout with a large orifice diameter also showed a large total pressure loss 
than AR4-LRin injector in the same as the comparison of OI-WR and AR4-SRin injectors. 
The yaw-out arrangement of the upstream two orifices with AR3-LRout was determined in 
hopes of a better penetration of the downstream fuel jet by the bow shock generated by those 
jets and expectation of improving fuel/air mixing performance by widely injection in the duct 
cross section. However, total pressure loss was only occurred. Since the upstream two orifices 
which were arranged away from each other in the yaw-out direction could not prevent the 
directly collision between the mainstream and the jet with the large diameter at the 
downstream side, it is seems that the jet on the downstream side generated a shock wave and 
the total pressure loss was increased. 
Subsonic combustion was attained in the equivalent ratio around 0.3 or more. In 
this case, fuel to airflow dynamic pressure ratio of all injectors was more than unity. For 
example, at total equivalent ratio of 0.28, fuel to airflow dynamic pressure ratio was 1.5, 1.4, 
1.1, and 1.1 with AR4-SRin, OI-WR, AR4-LRin, AR3-LRout injectors, respectively. In this 
condition, the fuel jets formed strongly pairs of streamwise vortex into the mainstream, and 
the fuel mixing was enhanced by this streamwise vortices. In such fuel/air mixing field, with 
the AR4-SRin injector, fuel velocity in height (z) direction was limited in comparison to that 
with the OI-WR injector due to the yaw-angle. The larger z direction velocity resulted in a 
generation of more intensive streamwise vortices in the case with the OI-WR injector. One 
dimensionally deduced combustion efficiency at the exit of the constant cross-sectional area 
combustor was 0.83 and 0.90 with the AR4-SRin and OI-WR injectors, respectively. This 
result indicates that OI-WR injector has better mixing performance than AR4-SRin injector. 
However, since fuel/air mixing with OI-WR injector was more active than AR4-SRin injector 
due to generating strong streamwise vortices, the total pressure loss was increased. As a result, 
the nozzle Isp of OI-WR was close to that of AR4-SRin. It was expected that the yaw angle of 
injection with AR4-SRin injector alleviates the compressibility effect on the development of 
fuel/air mixing layer between the fuel jet and the main flow and the fuel/Air mixing was 
enhanced. However, in subsonic flow case, the compressibility was relaxed upstream of the 
fuel injector by the shock train in isolator section. Therefore, in terms of the compressibility, 
the yaw angle effect on the fuel/air mixing performance decreased. In other word, in the 
subsonic flow, it is considered that increasing in the z direction velocity of the fuel jet 
effectively led to the mixing enhancement. 
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In comparison between AR4-LRin and AR3-LRout injectors at total equivalence 
ratio of 0.28, One dimensionally deduced combustion efficiency at the exit of the constant 
cross-sectional area combustor was 0.84 and 0.82, and at exit of the combustor diverging 
section was 0.89, and 0.92 with the AR4-LRin and AR3-LRout injectors, respectively. 
Therefore, there is no clear difference in the mixing performance of both injectors. Fuel 
velocity in height (z) direction with the AR3-LRout injector was slightly larger in comparison 
to that with the AR4-LRin injector. From the above discussion, in a mixing field with 
streamwise vortices generated by the fuel injection, larger velocity in height (z) direction 
results in better mixing performance. However, since the mixing performance of both 
injectors was equivalent, it may be presumed that the yaw-out angle was disadvantageous for 
fuel/air mixing compared to yaw-in. Thereby, the mixing enhancement due to the velocity in 
height (z) direction was cancelled out by the decrease of the mixing performance due to the 
yaw-out angle. On the other hand, it may be presumed that AR3-LRout injector led to larger 
total pressure loss than AR4-LRin injector due to the same reason as in the case of supersonic 
combustion (low fuel equivalence ratio). In summary, it is considered that having the yaw-out 
angle with upstram two orifices of Aeroramp orifice alignment is not suitable for the 
improvement combustor performance. 
 
3.5 Conclusion 
In Chapter 2, above mentioned design optimizations were not performed, and the 
effects of the ramp design upon the combustor performance was not evaluated. The effects of 
the orifice design on the combustor performance were not evaluated yet, especially in the case 
with the orifices on the expansion ramp as in the present case. Thus, in the present chapter, 
design parameters on the aeroramp injector proposed in the present study, were optimized in 
term of the combustor performances. 
 The combustion experiments were conducted and seven injectors were exposed to 
Mach 2.5 cross flow of T0 = 2250 K, P0 = 1 MPa. Fuel was gaseous hydrogen. The major 
optimizations were on 1) the ramp contraction, and 2) the orifice alignments. Additionally, the 
perpendicular and swept-back orifice injectors on a flat plate were used as benchmark for 
performance comparison. The combustion and thrust performance of each injector were 
evaluated using one-dimensional calculations. Uncertainty in the thrust increment was 
estimated to be about ± 7 % and uncertainly in the one-dimensional analysis, was reported as 
large as 15%. 
 From results of the benchmark, focusing on the thrust coefficient increment that 
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indicate the combustion performance in the combustor, without the contribution of the fuel jet 
momentum, perpendicular (TI-NR) and the new aeroramp (AR4-SRin) injectors showed close 
performance at  = 0.27 ~ 0.32. In comparison, the swept-back (OI-NR) injector showed 
lower performance to the new aeroramp injector. At total lower equivalence regime, the 
swept-back injector showed lesser performance to the other two injectors. With the 
contribution of the fuel jet momentum, the swept-back injector close performance to the 
perpendicular injector at  = 0.27 ~ 0.32, and the new aeroramp injector showed better 
performance that the conventional perpendicular injector. To evaluate the effects of the 
injection configuration on the nozzle thrust, one-dimensional calculation was continued into a 
1 m-long imaginary nozzle section. From this result, through the equivalence ratio range in 
the present study, the new aeroramp injector showed best thrust production. Total pressure 
loss due to the installation of the ramp and associated shock wave generation was cancelled 
out by thrust production on the expansion ramp and higher combustion efficiency due to this 
injector configuration. 
In the optimization of the ramp contraction, the ramp height was doubled 
(AR4-LRin) or removed (AR4-NRin) in comparison to the baseline one (AR4-SRin). The 
results of thrust increment by the combustor section comparing doubled, removed, and 
baseline height of ramp shows that the small ramp could not have sizable effects on the thrust 
performance and large ramp resulted in a larger thrust increment during the combustion mode 
transition because pressure unbalance on the compression and expansion ramp surfaces acted 
favorable for thrust production. However, in terms of the nozzle thrust, during supersonic 
combustion mode, the larger ramp led to a larger total pressure loss within the combustor, 
leading to the larger combustor thrust but lower nozzle thrust. The installation of the large 
ramp had sizable effects on the thrust production of engines through the associated total 
pressure loss. During subsonic combustion mode, on the other hand, nozzle thrust with larger 
ramp was close to those with other two, with deviation less that 14%. With penetration of the 
shock train over the ramp, shock wave generation due to the airflow-ramp interaction was no 
longer sizable, and total pressure loss due to the ramp installation was mitigated. Between the 
injectors with small and removed ramp, the difference in both combustor thrust increment and 
nozzle thrust in terms of Isp were not large, so that installation of the baseline wedge had little 
effects on total pressure loss and the consequent thrust production through expansion. 
In the optimization of the orifice alignments, to evaluate the orifice alignments 
effects on combustion and thrust production, the 4 holes as typical aeroramp (AR4-SRin, 
AR4-LRin), original 3 holes (AR3-LRout), and the swept-back (OI-WR) were compared. The 
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swept-back with small ramp showed better thrust increment than 4 holes with small. A small 
number of holes was advantageous at low fuel/air dynamic pressure ratio because the fuel jet 
with large geometric shape will pass through the boundary layer and penetrate into the 
mainstream. Moreover, the larger z direction velocity due to without yaw angle of fuel 
injection resulted in a generation of more intensive streamwise vortices in case with the 
swept-back. The variation of combustor net thrust in terms of Isp against fuel equivalence 
ratio were compared, The swept-back with small ramp showed slightly better combustor 
performance than the 4 holes with small ramp, in whole equivalence ratio range. In the 
swept-back with small ramp, instead of improving fuel penetration at such a low fuel 
equivalence ratio, the fuel jet was directly exposed to supersonic flow of mainstream. 
Therefore, the total pressure loss increases more than the 4hole with small ramp. As a result, 
at low equivalence region, the 4hole with small ramo showed higher nozzle Isp than the 
swept-back with small ramp. The 4 holes with large ramp showed the same performance as 
the original 3 holes with large ramp at around = 0.2. Thrust performance in both the 
combustor and the imaginary nozzle was shown. The 3 hole with large ramp showed lower 
nozzle Isp than the 4 hole with large ramp throughout the fuel equivalence ratio in the present 
study. 
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Chapter 4 
 
Separation Criteria for Wall Boundary Layers in a Scramjet 
Combustor with the Aligned Compression - Expansion Short 
Ramps 
 
4.1. Introduction 
In Chap. 2, it was proposed to replace the physical wedges of the ‘hypermixer’ 
(HM) injector and/or the cantilever injector with the aerodynamic wedge, i.e., the fuel jets 
from the multi-orifices formed wedge-like obstacle aerodynamically. Authors have conducted 
experiments and research on the scramjet combustor with aeroramp (AR) injectors to improve 
the combustion and mixing performance by a modification of the injector. The injectors have 
the oblique fuel injection as low angles and these injectors were characterized by the 
two-dimensional ramp at upstream side and two-dimensional expansion ramp at downstream 
side being adjacent to each other. The enhancement of mixing and combustion are achieved 
by actively introducing the streamwise vertices with the wake flow of the fuel jet. 
In Chap. 2, both combustion tests and mixing tests were conducted to compare the 
AR injector and the HM injector. As results, the boundary layer on the surface of the injector 
expansion ramp was separated massively under relatively high combustor pressure. In this 
combustion experiment, in a wide range of fuel equivalence ratio, high-pressure rise occurred 
around the injector, and the separation point has been anchored to the injector. On the other 
hand, at relatively low combustor pressure, the position of the boundary layer separation was 
located considerably downstream from the injector. Occurrence of the massive separation 
changed the mixing process, and thus mixing efficiency, sizably. In the case with the HM 
injector, occurrence of this separation reduced the mixing efficiency drastically. Thus, 
separation played an important role on the mixing process. Although pressure rise and 
consequent shock train did not penetrate the compression ramp with the Chap. 2’s settings at 
equivalence ratio up to 0.9, they penetrated with the Chap. 3’s settings with the aeroramp 
injectors to further change the mixing process and combustor performance, at lower 
equivalence ratio of 0.2~0.3 because the constant cross-sectional area combustor was longer 
and narrower in the latter settings, e.g., thermal choking would occur at lower heat release 
level. The penetration length of the shock train was reported as a function of incoming 
boundary layer momentum thickness [4.1], the penetration length was governed by boundary 
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layer separation. Thus, occurrence and location of the boundary layer separation should be 
nicely predicted to predict combustor performance with injectors utilizing streamwise vortices 
for mixing enhancement, such as the HM and AR injectors. 
In this chapter, as the first step to clarify the condition of the boundary layer 
separation in supersonic flows with the aligned compression - expansion short ramps, the 
critical pressure of the boundary separation nearby those ramps were investigated 
experimentally. Furthermore, predictions of such critical pressure values were tried using 
several proposed formula for the turbulent boundary separation. 
 
4.2. Experimental Apparatus and Test Conditions 
In this study, experiments were conducted with an intermittent suction-type wind 
tunnel. Schematic of the wind tunnel for the experiments is illustrated in Fig. 4.1. It consisted 
of a supersonic nozzle, a test section, a back-pressure chamber, and a vacuum tank. The flow 
direction in this figure is left-to-right, the atmospheric air being inhaled through a 
two-dimensional contoured supersonic nozzle to the test section. Total temperature and 
pressure were room temperature T0 = 293 ± 3 K and atmospheric pressure P0 = 99 ± 2 kPa, 
respectively. Nominal Mach numbers of supersonic nozzles used in this experiment were 2.0, 
2.4, and 2.9. The test section was consisted of an isolator section, a ramp section (or injector 
section), and a constant area section. The cross-sectional area of the test section was 
rectangular and its span width was 30 mm and its height was 27 mm at the exit of the 
supersonic nozzle. The top wall of the test section was in a gradient of 1/100 to diminish 
pressure rise due to development of the boundary layer on the top wall. 
As shown in Fig. 4.2, two flow-passes with different location of the onset of the 
ramps were used in the present study, one at 30 mm downstream from the exit of the nozzle, 
and the other at 75 mm downstream from the exit of the nozzle. Three sets of ramps with 
different compression angle and expansion angle were used. See Fig. 4.2 for the detailed 
design. Furthermore, for the case with AR-B ramps and Mach 2.4 nozzle, duct width was also 
changed from 30 mm (baseline case) to 22 mm and 15 mm. In this chapter, streamwise 
location (x) was from the trailing edge of the expansion ramp. 
To investigate boundary layer separation, it was necessary to back-pressurize the 
airflow. As a suction-type wind tunnel was used in the present study, rise in vacuum chamber 
pressure due to suction was used to attain the back-pressure. As the back-pressure was not 
regulated in the present study, only non-steady data were available. In some cases, fuel supply 
was simulated by helium gas injection at room temperature. The flow rate of the helium was 
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Figures 4.2 Schematics of ramp configurations 
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measured with a calibrated choked orifice. 
In this study, to clarify the condition for boundary layer separation occurrence, the 
experiments were conducted with taking time-series schlieren photographs and measuring 
time-series wall static pressures. Strain gauge pressure sensors were used for the pressure 
measurement at a sampling rate of 1 kHz. Uncertainty in wall pressure measurement was 
estimated to be ± 1.5 %. 
 
4.3. Results and Discussions 
Experimental findings from time-series schlieren images and time-variation of wall 
pressure were described first, and the well-known empirical formula for prediction of 
turbulent boundary layer separation was adopted to predict the onset of the separation. 
 
4.3.1. Experimental Findings 
Obtained time series schlieren photographs in condition of using AR injector 
without He injection were shown in Figs. 4.3. These figures are arranged in chronological 
order from top to bottom, and the flow direction is from left to right. The knife-edge of the 
schlieren optics was in horizontal direction. From these images, one can observe how the 
structure of the flow field changes by the rise in static pressure at the back-pressure chamber. 
In Fig. 4.3(a) at t = 0 seconds, the boundary layer on the injector surface had not yet separated, 
and the expansion wave at the leading edge of the injector expansion ramp and the 
recompression shock wave at the trailing edge of the injector expansion ramp were observed. 
In this condition, a pseudo-shock wave run up from downstream to upstream in the constant 
area section with increase in the back-pressure. In Fig. 4.3(b) at t = 5.9 seconds, onset of the 
pseudo-shock wave penetrated the constant area section and reached to the trailing edge of the 
expansion ramp. Then, the boundary layer flow on the expansion ramp started to separate, and 
changed to the flow field shown in Fig. 4.3(c). Figure 4.3(c) shows that the boundary layer 
was separated at the trailing edge of the compression ramp and a shear layer was formed. The 
evidence of the boundary layer separation was the existence of an oblique shock wave as 
separation shock wave was anchored at the leading edge of the expansion ramp. When a 
transition from Fig. 4.3(b) to Fig.4.3 (c) occurred, the pseudo shock wave disappeared. In Fig. 
4.3(d) at t = 17.8 seconds, pseudo-shock wave was formed between opposite wall to the ramp 
and the shear layer. The onset of the pseudo-shock wave was anchored around the trailing 
edge of the compression ramp. With increase in the back-pressure, density gradient (i.e., the 
contrast in the image) became enhanced, while the onset location was still anchored. 
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Figures 4.3 Time series schlieren images 
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Finally, in Fig. 4.3(e) at t = 23.8 seconds, with the further increase in the back-pressure, the 
separation shock wave penetrated the compression ramp to reach the leading edge of the 
compression ramp immediately, as shock waves can not be stabilized within conversing ducts. 
Figure 4.4 shows the distribution of wall static pressure in condition with AR 
injector but no He injection. At t = 0 ~ 5.9 seconds, no boundary layer separation occurred. At 
this phase, measured pressure on the compression ramp and the expansion ramp agreed well 
with estimated values with either the two-dimensional wave relations or the Prandtl-Mayer 
relationship. At t = 5.9~17.8 seconds, the boundary layer flow upon the expansion ramp 
separated, and pressure on the expansion ramp increased with back-pressure, while pressure 
on the compression ramp surface remained constant. After t = 17.8 seconds, the pseudo-shock 
wave penetrated the compression ramp region, so that pressure on the compression surface 
increased with the back-pressure.  
 
 
 
Figure 4.4 Time variation of wall pressure distribution 
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Pressure variation in Figure 4.5 showed two discontinuous changes. At about t = 5.9 
seconds, wall static pressure at x = 10 mm, 5 mm, and 0 mm showed rapid increase, 
corresponding to the transition from flow field shown in Fig. 5.3(b) to that shown in Fig. 
5.3(c). Since the rise of these pressure values were simultaneous and steep, the separation 
point of the boundary layer moved to leading edge of injector expansion ramp instantaneously, 
without being anchored somewhere on the surface of expansion ramp. This was the first 
discontinuous change and the flow state before the first discontinuous change was designated 
as ‘Condition 1’ in the present study. After the first discontinuous change till t = 23.8 seconds, 
wall pressures on the expansion ramp and downstream of the ramp continuously increased 
with the back-pressure. However, wall pressures on the compression ramp and upstream of 
the ramp were constant. This flow state was designated as ‘Condition 2’ in the present study. 
During this period, the separation point was anchored at the leading edge of the expansion 
ramp and the flow field gradually changed from Fig. 4.3(c) to Fig. 4.3(d) with the rise in the 
back-pressure. At t = 23.8 seconds wall pressure on the surface of the compression ramp start 
to increase with the back-pressure. This was the second discontinuous change. After this time, 
the flow field changed from Fig. 4.3(d) to Fig. 4.3(e). The flow state after the second 
discontinuous change was designated as ‘Condition 3.’ in the present study. 
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Figures 4.5 Time variation of wall pressure 
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4.3.2. Evaluation of Critical Pressure Ratio for Separation 
When flow field was in a state of Condition 1 and Condition 3, pseudo shock wave 
continuously run up to upstream with an increase in the back pressure. On the other hand, as 
described in the previous section, change from Condition 1 to Condition 2 and from Condition 
2 to Condition 3 occurred discontinuously. In this study, we have attempted to predict a 
critical pressure ratio of the boundary layer separation Psep/Pa at these transitions. Critical 
separation pressure Psep is static pressure on the wall with boundary layer separation and Pa is 
wall static pressure at same position without the boundary layer separation. 
To predict the criteria of the boundary layer separation, several empirical equations 
have been proposed. For example, Schumucker [4.2] suggested the following equation for the 
boundary layer separation in the bell nozzle, 
 
Schumucker 's equation 
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Further, Mager et al.
 
[4.3] and Lawrence [4.4] proposed the following equation about the 
turbulent boundary layer separation on the flat plate and in contoured supersonic nozzle, 
respectively, 
 
Mager's equation 
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In these two equations, on the assumption that the boundary layer separation occurs behind 
one ideal oblique shock wave, it is possible to calculate the criteria by given Ma and 
simultaneous eq. (2) or eq. (3) and the oblique shock wave equation shown below 
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From the measure pressure history, critical pressure ratio corresponding to the above 
prediction should be evaluated. In the rocket engine nozzle study, the critical pressure ratio 
was the ambient pressure against the local pressure just before the occurrence of the 
separation [4.5]. Thus, in the present study, the critical pressure ratio was evaluated as follows, 
Fig. 4.6 showing the schematics of this evaluation method. On the expansion ramp, as the 
separation penetrated the entire expansion ramp surface instantaneously, pressure value at 
downstream to the expansion ramp trailing edge at the moment of the first discontinuous 
change was taken as the ambient pressure, while the pressure on the expansion ramp just 
before the first discontinuous change was taken as the pressure without separation. On the 
compression ramp, pressure value on the expansion ramp at the moment of the second 
discontinuous change was taken as the ambient pressure, while the pressure on the 
compression ramp just before the second discontinuous change was taken as the pressure 
without separation. 
 
4.3.3. Effects of Parameters on Critical Pressure Ratio 
Figure 4.7 compares Psep/Pa calculated from the result of the experiment data (the 
time series data of wall static pressure in the cases with AR-A, AR-B, and AR-C flow passes 
with 30 mm duct width) with predicted value using the formulas (1) to (3) at various airflow 
Mach numbers, in cases without fuel (simulated by inert gas) injection. Note that the Mach 
number was of the flow either on the compression ramp or on the expansion ramp. Mean 
values over at least three runs for identical condition were shown in the figure with the error 
bar showing maximum and minimum within the runs. Comparison between the experimental 
results and predictions showed that the Mager's equation and Schumucker's one could predict 
experimental values in a reasonable manner i.e., within the error bar range. Lawrence's 
equation under-estimated the value in almost all range of the airflow Mach numbers, and the 
deviation with the experimental data was enlarged with the airflow Mach number. Deviation 
between the prediction by Mager's equation and the experimental data was within 19%. 
Figure 4.8 shows variation of experimental critical pressure ratio with the duct 
width at nominal Mach number of 2.4 with the AR-B flow pass. Data on the compression 
ramp (flow Mach number reduced to 2.1) and on the expansion ramp (flow Mach number 
increased to 3.0) are shown in the figure. Reduced duct width would result in higher  
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Figure 4.7 Critical pressure ratio with various ramp configurations 
 
 
Figure 4.8 Critical pressure ratio with various duct width  
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percentage of sidewall boundary layer flow over the duct cross-section. If the separation was 
originated in the boundary layer flow on the sidewalls, thus, the critical pressure ratio should 
be affected by the duct width. However, the duct width showed little effects on the critical 
pressure ratio when reduced from 30 mm to 22 mm. Further reduction in the duct width 
caused little effects on the critical pressure ratio on the compression ramp, but it caused 
increased ratio on the expansion ramp, i.e., the thicker boundary layer flow on the sidewall 
suppressed separation on the expansion ramp. 
Figure 4.9 shows the critical pressure ratio with the AR-injector flow pass with gas 
injection simulating fuel injection. Nozzle Mach number and injection pressure (shown with 
dynamic pressure ratio in the figure) were varied. Injection orifices were aligned as the 
four-orifice in Chap. 3. Prediction using the Mager's equation is also shown in the figure. The 
experimental data (open symbols) on the compression ramp agreed well with the prediction. 
On the other hand, the experimental data (close symbols) on the expansion ramp were well 
above the prediction, showing that the gas injection suppressed the boundary layer separation 
on the expansion ramp, as the injection induced streamwise vortices for intensive momentum 
exchange between the mainstream and the boundary layer flow. In other words, the injection 
through the aeroramp injection played a same role to so-called vortex generators. 
 
 
 
Figure 4.9 Critical pressure ratio with various Flow Mach number  
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A higher injection pressure resulted in a higher critical pressure ratio, as the streamwise 
vortices generation was reported to be enhanced with the higher injection pressure [4.6-4.8]. 
 
4.3.4. Consideration of Separation Observed in the Combustion Experiments 
Table 4.1 shows the critical separation pressure in each region of the test section 
(for the AR injector case in Chap. 2 and the AR4-SRin injector case in Chap. 3) evaluated 
using the Mager's formula. Both Ma and Pa in each region necessary for prediction, were 
calculated by the oblique shock wave equation and the Prandtl-Meyer function. At that time, 
the specific heat ratio was set as constant in each region and wall friction and heat transfer 
was neglected. As shown in Table 4.1, the critical separation pressure on the expansion ramp 
surface was calculated to Psep / P0 = 0.070 for the AR injector case. This value was in good 
agreement with minimum wall static pressure of the trailing edge of the expansion ramp, Pw / 
P0 = 0.067, just before the transition from the scramjet-mode combustion without separation 
on the expansion ramp to that with the massive separation on the expansion ramp. On the 
other hand, the critical separation pressure in the constant area section was calculated to Psep / 
P0 = 0.14, and this value was larger than that on the expansion ramp surface. Therefore, the 
separation point could not be anchored on the expansion ramp surface because the static 
pressure behind the separation shock wave already exceeded the critical separation pressure 
on the expansion ramp surface substantially when the separation point reached the trailing 
edge of the expansion ramp. 
 
 
Table 1 Evaluation of critical separation pressure Psep in each region of the test section 
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Thus, the separation point jumped from the trailing edge to the leading edge of the injector 
expansion ramp. At the leading edge of the expansion ramp, since the critical separation 
pressure on the compression ramp surface was larger than that on the expansion ramp, the 
separation point could be anchored to the compression ramp trailing edge until the 
back-pressure became high enough to penetrate the compression ramp. Actually, the critical 
separation pressure on the compression ramp for the AR4-SRin injector in Chap. 3 was 
calculated to Psep / P0 = 0.25, while the pressure upstream of the leading edge of the 
compression ramp was Pw / P0 = 0.24 at = 0.27, above which shock train was clearly 
observed at upstream to the injector orifices. When the static pressure of the trailing edge of 
the compression ramp exceeded Psep / P0 on the compression ramp, the boundary layer 
separation started again and pseudo-shock wave run up to the upstream with increasing back 
pressure. On the other hand, the critical separation pressure on the compression ramp for the 
AR injector in Chap. 2 was calculated to Psep / P0 = 0.21, and combustion pressure did not 
exceed this value because of the enlarged cross-section behind the ramps, so that shock train 
did not penetrated the compression ramp to cause ramjet-mode combustion. 
 
4.4 Conclusion 
To clarify the condition of the boundary layer separation in supersonic flows with 
the aligned compression - expansion short ramps, the critical pressure of the boundary 
separation nearby those ramps were investigated experimentally. Experiments were conducted 
with an intermittent suction-type wind tunnel. Total temperature and pressure were T0 = 293 ± 
3 K and P0 = 99 ± 2 kPa, respectively. Nominal Mach numbers of supersonic nozzles used in 
this experiment were 2.0, 2.4, and 2.9. Three conditions of the duct width and the ramp shape 
were tested, respectively. The critical pressure ratio of the boundary layer separation Psep/Pa 
was calculated from experimental data. Values of the critical pressure ratio from experimental 
data in this study were compared to the prediction value which was calcurated from formulas 
of previous studies. 
In the condition of duct width 30mm, comparison between the experimental results 
and predictions showed that the Mager's equation and Schumucker's one could predict 
experimental values within the error bar range. Lawrence's equation under-estimated the value 
in almost all range of the Mach numbers above the duct wall. Experimental data deviation 
between the prediction by Mager's equation and the experimental data was within 19%.  
Reduced duct width would result in higher percentage of sidewall boundary layer flow over 
the duct cross-section. The duct width showed little effects on the critical pressure ratio when 
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reduced from 30 mm to 22 mm. Further reduction from 22 mm to 15 mm in the duct width 
caused little effects on the critical pressure ratio on the compression ramp, but it caused 
increased ratio on the expansion ramp, and it means that the influence on boundary layer 
separation was only observed in the condition of 15 mm width. 
Additonally, the effect of fuel injection on the critical pressure ratio was 
investigated. The gas injection suppressed the boundary layer separation on the expansion 
ramp, as the injection induced streamwise vortices for intensive momentum exchange 
between the mainstream and the boundary layer flow. A higher injection pressure resulted in a 
higher critical pressure ratio, as the streamwise vortices generation was reported to be 
enhanced with the higher injection pressure. 
The condition which the separation point moves from the downstream to the 
expansion ramp, the condition fixed on the trailing edge of compression ramp, and the 
condition which the shock train penetrated the compression ramp was predicted using the 
critical pressure calculated by Mager’s equation. The reasonable explanation was possible 
about the relationship between moving the point of the boundary layer separation in the 
combustor and the change in the combustion state. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
104 
 
References 
 
[4.1] S. Tomioka, K. Kobayashi, K. Kudo, A. Murakami and T. Mitani, “Injection and 
Combustion within Diverging Section of Supersonic Combustors,” AIAA paper, 2003-4740, 
2003. 
[4.2] R. Schmucker, “Stromungsvorgange beim Betrieb uberexpandierter Dusen chemischer 
Raketentriebwerke, Teil 1: Stromungsablosung,” Bericht TB-7, Tech. Univ. Munich, 1973. 
[4.3] A. Mager, “On the Model of the Free, Shock Separated, Turbulent Boundary Layer,” 
Journal of the Aeronautical Sciences, Vol.23, pp.181-184, 1956. 
[4.4] R. A. Lawrence and E. Weynand, “Factors affecting Flow Separation in Contoured 
Supersonic Nozzles,” AIAA Journal, Vol. 6, pp. 1159-1160, 1968. 
[4.5] R. H. Stark, “Flow Separation in Rocket Nozzles, a Simple Criteria,” AIAA 
Paper, 2005-3940, 2005. 
[4.6] R. P. Fuller, P. K. Wu, A.S. Nejad and J. A. Scjetz, “Fuel-vortex interactions for 
enhanced mixing in supersonic flow,” AIAA Paper, 96-2661, 1996 
[4.7] L. S. Jacobsen, “An Integrated Aerodynamic-Ramp-Injector Plasma-Torch-Igniter for 
Supersonic Combustion Applications with Hydrocarbon Fuels,” Ph.D. Thesis, Virginia 
Polytechnic Institute and State University, Blacksburg, Virginia. 
[4.8] L. S. Jacobsen, S. D. Gallimore, J. A. Schetz, W. F. O’Brien and L. P. Goss, “Improved 
Aerodynamic-Ramp Injector in Supersonic Flow,” Journal of Propulsion and Power, Vol. 19, 
pp.663-673, 2003. 
 
 
 
 
 
105 
 
Chapter 5 
General Conclusions 
 
5.1 Conclusions Obtained by this Research 
This thesis described research efforts on the development of a new aeroramp injector 
applied to a dual mode scramjet engine. The new aeroramp injector was proposed as replacing 
the cantilever ramp injector and the hypermixer injector, as such mixing enhancing injectors 
had a problem that the wedge shape of these injectors could not be maintained in a high 
enthalpy flow due to occurrence of hot spots. The new aeroramp injector had the aligned 
compression (upstream) - expansion (downstream) short ramps and the injector was featured 
replacing the physical wedge of the hypermixer injector with an aerodynamic wedge 
generated with several fuel jets on the short expansion ramp. In this research, first of all, the 
concept of the new aeroramp injector was proposed. Additionally, performances of the 
prototype injector based on this concept were assessed in comparison to those of the 
hypermixer injector through mixing and combustion experiments in supersonic flows. Second, 
combustion experiments were conducted on several injectors with different geometries, and 
the optimum design parameters of the new aeroramp injector were investigated in term of 
obtaining better Isp performance. As those mixing and combustion experiments showed that 
fuel/air mixing performance changed depending on the boundary layer separation on the 
combustor wall, the critical pressure ratio of the boundary layer separation associated with the 
transition of the flow structure in the dual mode scramjet combustor with the aligned 
compression - expansion ramps was clarified as the final part of the present study. 
The important results obtained from this study are as follows. 
 
 In Chapter 2, experiments were performed to assess the performance of the proposed 
aeroramp injector in comparison to those of the hypermixer injector. Combustion experiments 
and mixing experiments in non-reactive flow were conducted. In the combustion experiments, 
wall pressure distributions and direct photographs of flame were obtained. In the mixing 
experiments, visualization of flow field by schlieren method was carried out. Also, gas 
sampling and aerodynamic probing were conducted to obtain mixing efficiencies, pressure 
loss parameters, and fuel profiles within the duct cross-section. 
 In the flow field of the combustor with the new aeroramp injector and the 
hypermixer injector, there were two characteristic types of flow fields, i.e. a pair of 
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counter-rotating streamwise vortices or shear layer was formed in the wake flow of the 
injector. Comparison of the thrust coefficient increments showed that the combustor 
performance with the aeroramp injector was close to that with the hypermixer injector when 
the streamwise vortices were generated (the former flow field case). Furthermore, the 
combustor performance with the aeroramp injector was about 10% better than that with the 
hypermixer injector when the shear layer was formed in the vicinity of the injector. 
 The obtained mass flux profiles in the mixing experiment showed that, fuel plumes 
showed a double-core shape with either injector without back pressure-rise corresponding to 
the lower equivalent ratio condition in the combustion experiment (corresponded to the 
supersonic combustion mode), in which the mixing by the streamwise vortices was dominant. 
The aeroramp injector had better fuel diffusion in the near field downstream of the injector. In 
the far field, both mixing efficiency for the aeroramp and the hypermixer injector were almost 
the same. With the back pressure-rise corresponding to the higher equivalent ratio condition in 
the combustion experiment (corresponded to the subsonic combustion mode), mixing by the 
share layer became dominant. The mass flux profiles with the aeroramp injector showed a 
larger overall area of fuel plume and a faster decay rate of the core area than those with the 
hypermixer injector. The variation of the pressure loss parameter in the flow direction showed 
no significant difference between both injectors in either non-back-pressurized or 
back-pressurized case. Comparison of the mixing efficiency showed that, when the mixing by 
the streamwise vortices was dominant, mixing efficiency with the aeroramp injector was 
better than the hypermixer injector in the near field downstream of the injector and was the 
same as that with the hypermixer injector in the far field downstream of the injector. When 
mixing by the share layer was dominant, mixing efficiency with the aeroramp injector was 
better than that with the hypermixer injector at all measurement cross-sections. 
The new aeroramp injector could not only avoid the loss of mixing performance 
resulting from collapse of the injector shape by forming a hot spot, but also could obtain 
better fuel/air mixing and combustion performances than the hypermixer injector in the wider 
total equivalence ratio without the additional total pressure losses. 
 
In Chapter 2, the effects of the injector design upon performances were not evaluated. 
In Chapter 3, the design parameters on the aeroramp injector proposed in the present study, 
were optimized in term of the combustor performances. Especially, the effects of the orifice 
design and ramp height on the combustor performance were focused on. Additionally, 
comparison between conventional injectors and the aeroramp injectors was done to assess the 
performance of the proposed aeroramp design. In this chapter, combustion experiments were 
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carried out using injectors with seven different geometries. Wall pressure distributions in the 
combustor with each injector were obtained. The thrust coefficient increment was calculated, 
and by the one-dimensional analysis together, Isp was evaluated considering thrust generated 
by imaginary nozzle installed downstream of the combustor to access the effects of total 
pressure loss on the thrust production.  
In the comparison between the conventional injectors and the aeroramp injectors, the 
conventional perpendicular injector, the conventional swept-back injector, and the new 
aeroramp injector were used. Focusing on the thrust coefficient increment without the 
contribution of the fuel jet momentum taken into account, the perpendicular and the new 
aeroramp injectors showed close performance at  = 0.27 ~ 0.32. In comparison, the 
swept-back injector showed lower performance to the new aeroramp injector at total lower 
equivalence regime. Taking the contribution of the fuel jet momentum into account, the 
swept-back injector showed close performance to the perpendicular injector at  = 0.27 ~ 
0.32, and the new aeroramp injector showed better performance that the conventional 
perpendicular injector. Evaluating the effects of the injection design on the nozzle thrust 
between the perpendicular injector, the swept-back injector, and the new aeroramp injector, 
the new aeroramp injector showed best thrust production through the equivalence ratio range 
in the present study. Total pressure loss due to the installation of the ramp and associated 
shock wave generation was cancelled out by thrust production on the expansion ramp and 
higher combustion efficiency due to this injector configuration. 
In the optimization of the ramp height, the performance of injectors with three 
different ramp heights with the same orifice shape was compared. Ramp heights were, none, 
small, and large with twice the height of small. The results of the thrust increment by the 
combustor section showed that the small ramp could not have sizable effects on the thrust 
performance and large ramp resulted in a larger thrust increment during the combustion mode 
transition (from the supersonic combustion mode to the subsonic combustion mode) because 
pressure unbalance on the compression and expansion ramp surfaces acted favorable for 
thrust production. However, in terms of the nozzle thrust, during supersonic combustion mode, 
the larger ramp led to a larger total pressure loss within the combustor, leading to the larger 
combustor thrust but lower nozzle thrust. The installation of the large ramp had sizable effects 
on the thrust production of engines through the associated total pressure loss. During subsonic 
combustion mode, on the other hand, nozzle thrust with larger ramp was close to those in the 
cases with small and/or no ramps, with deviation less that 14%. With penetration of the shock 
train over the ramp, shock wave generation due to the airflow-ramp interaction was no longer 
sizable, and total pressure loss due to the ramp installation was mitigated. Between the 
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injectors with small and no ramps, both combustor thrust increment and nozzle thrust in terms 
of Isp were almost the same, so that installation of the baseline ramp had little effects on total 
pressure loss and the consequent thrust production through expansion. 
In the optimization of the orifice alignments, firstly, the performances of a 
swept-back injector with the small ramp and the 4 holes aeroramp with the small ramp were 
compared. The swept-back injector with small ramp showed better thrust increment than the 4 
holes aeroramp injector with the small ramp. A small number of holes was advantageous at 
low fuel/air dynamic pressure ratio because the fuel jet with large geometric shape will pass 
through the boundary layer and penetrate into the mainstream. The larger z direction velocity 
resulted in a generation of more intensive streamwise vortices in case with the swept-back 
injector with the small ramp. The variation of combustor net thrust in terms of Isp against fuel 
equivalence ratio were compared, and the swept-back injector with the small ramp showed 
slightly better performance than the 4 holes aeroramp injector with the small ramp, in whole 
equivalence ratio range. From the thrust performance in both the combustor and the imaginary 
nozzle, at low equivalence region, the 4 holes aeroramp injector with the small ramp showed 
higher Isp than the swept-back injector with small ramp. In the swept-back with small ramp, 
instead of improving fuel penetration at such a low fuel equivalence ratio, the fuel jet was 
directly exposed to supersonic flow of mainstream. Therefore, the total pressure loss increases 
more than the 4hole with small ramp. As a result, at low equivalence region, the 4hole with 
small ramp showed higher nozzle Isp than the swept-back with small ramp. Additionally, 
higher combustor Isp of the swept-back injector with small ramp led to larger total pressure 
loss by intensive combustion. Difference in the nozzle Isp between the 4 holes aeroramp 
injector with small ramp and the swept-back injector with small ramp became small with 
higher equivalence ratio. 
Next, the performances of the modified 3 holes aeroramp injector with the large ramp 
and the 4 holes aeroramp with the large ramp were compared. The 4 holes aeroramp injector 
with the large ramp showed slightly better combustor thrust increment than the modified 3 
holes aeroramp injector with the large ramp at around = 0.2. The modified 3 holes aeroramp 
injector with the large ramp showed lower nozzle Isp than the 4 holes aeroramp with large 
ramp injector throughout the fuel equivalence ratio in the present study. 
 
In previous chapters, it was shown that the flow field in the combustor changed 
drastically due to the boundary layer separation in the vicinity of the injector. It was also 
shown that the air/fuel mixing performance of the injector and the combustor thrust were 
changed depending on the transition of the combustion mode caused by the boundary layer 
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separation. In Chapter 4, focusing on the aligned compression - expansion short ramps 
characterizing the shape of the proposed aeroramp injector, moving of the separation point of 
the boundary layer in the combustor was visualized by schlieren method and time-variation of 
wall pressure depending on the movement of the separation point was obtained. From these 
results, the critical pressure-ratio of the boundary layer separation nearby those ramps was 
calculated. Values of the critical pressure-ratio obtained from experiments were compared 
with traditional three prediction equations (Mager's and Schumucker's, and Lawrence's 
equation) and applicability of these formulas was investigated. In the condition of 30 mm duct 
width, comparison between the experimental results and predictions showed that the Mager's 
equation and Schumucker's one could predict experimental values within the error bar range. 
Lawrence's equation under-estimated the value in almost all range of the local Mach numbers 
above the duct wall. Experimental data deviation between the prediction by Mager's equation 
and the experimental data was within 19%.  
Additionally, effects of the duct width and gas injection on the critical pressure-ratio 
were investigated. The duct width showed little effects on the critical pressure-ratio when 
reduced from 30 mm to 22 mm. Further reduction from 22 mm to 15 mm in the duct width 
caused little effects on the critical pressure-ratio on the compression ramp, but it resulted in an 
increased ratio on the expansion ramp. The gas injection from expansion ramp surface 
suppressed the boundary layer separation on the expansion ramp, as the injection induced 
streamwise vortices for intensive momentum exchange between the mainstream and the 
boundary layer flow. A higher injection pressure resulted in a higher critical pressure-ratio, as 
the streamwise vortices generation was enhanced with the higher injection pressure. 
In comparison to the combustion test results, the critical pressure for separation to 
move from the downstream to the expansion ramp, the critical pressure for separation to be 
anchored on the trailing edge of compression ramp, and the critical pressure for the shock 
train to penetrate the compression ramp, were predicted by Mager’s equation. 
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